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ABSTRACT

The "Brittle Materials Design, High Temperature Gas Turbine' program
objective is to demonstrate successful use of brittle materials in demanding
high temperature structural applications. A small vehicular gas turbine
and a large stationary gas turbine, each using uncooled ceramic components,
will be utilized in this iterative design and materials development program. .
Both the contractor, Ford Motor Company, and the subcontractor, Westinghouse
Electric Corporation, have had in-house research programs in this area prior
to this contract.

In the vehicular turbine project, a major program milestone, comprising
a 100 hour durability test of the stationary ceramic hot flow path components
in an engine was completed. In the fabrication of ceramic turbine rotors,
significant improvement in bonding the components of the silicon nitride duo
density rotor resulted when hot pressing of the shaped hub was combined with
press bonding to the blade ring. Spin testing of seven hot pressed silicon
nitride rotor hubs, with burst speeds ranging from 102,000 to 120,000 rpm,
confirmed that this material was adequate for rotor requirements. A silicon
carbide combustor tube has been successfully tested in a combustor rig for
a total of 171 hours, including 20 hours at an outlet temperature of 2500 F.
A redesigned ceramic flow path, Design D, was conceived using common one piece
stators and common rotors in both first and second stage locations. Through
variations in particle size distribution, it wds found that injection molded
reaction sintered silicon nitride of 2.7 gm/cm3 density (84.5% of T.D.) could
be made. The effect of oxidation on lower density forms of reaction sintered
silicon nitride was evaluated.

In the stationary turbine project, static rig testing of hot pressed silicon
nitride and silicon carbide stator vanes up to 2500 F was initiated. Cracks
were observed visually on two of the four silicon carbide vanes during the third
cycle, but the vanes remained functional. During the fifth cycle, the metal
combustor basket imploded, throwing metal debris into the vanes, followed by a
temperature excursion to 3000°F and a rapid quench to 600°F under choked flow
conditions. Following this accident, it was found that all four silicon carbide
vanes had been shattered. One of the four silicon nitride vanes was cracked,
while the remaining three vanes were still intact, an encouraging example of
ceramic material survival under unexpected catastrophic conditions. The static
test rig is being modified and rebuilt for the continuation of 2500 F testing.
Additional tensile strength and creep tests weTe performed on hot pressed silicon
nitride.
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FORWARD

This report is the seventh semi-annual technical report of the
"Brittle Materials Design, High Temperature Gas Turbire" program
initiated by the Advanced Research Projects Agency, ARPA Order Number
1849, and monitored by the Army Materials and Mechanics Research
Center, under Contract Number DAAG-46-71-C-0162. This is an
incrementally-funded six year program.

Since this is an iterative design and materials development
program, design concepts and materials selection and/or properties
presented in this report will probably not be those finally utilized.
Thus all design and property data contained in the semi-annual reports
must be considered tentative, and the reports should be considered
to be illustrative of the design, materials, processing, and NDT
techniques being developed for brittle materials.
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1. INTRODUCTION

As stipulated by the Advanced Research Projects Agency of the Department
of Defense at the outset of this program, the major purpose is to demonstrate
that brittle materials can be successfully utilized in demanding high temperature
structural applications. ARPA's major program goal is to prove by a practical B
demonstration that efforts in ceramic design, materials, fabrication, testing i
and evaluation can be drawn together and developed to establish the usefulness 5
of brittle materials for engineering applications. .

3 The gas turbine engine, utilizing uncooled ceramic components in the hot
flow path, was chosen as the vehicle for this demonstration. The progress of the b
gas turbine engine has been and continues to be closely related to the development i
of materials capable of withstanding the engine's environment at high operating 3
temperature. Since the early days of the jet engine, new metals have been 3
developed which have allowed a gradual increase in operating temperatures. | 8
Today's nickelchroms superalloys are in use, without cooling, at turbine inlet
gas temperatures of 1800° to 1900°F. However, there is considerable incentive

¢ to further increase turbine inlet temperature in order to improve specific air 4
3 and fuel consumptions. The use of ceramics in the gas turbine engine promises A
- to make a major step in increasing turbine inlet temperature to 2500 F. Such ?

an engine offers significant advances in efficiency, power per unit weight, 3

cost, exhaust emissions, materials utilization and fuel utilization. Successful
application of ceramics to the gas turbine would therefore not only have military
significance, but would also greatly influence our national concerns of air
pollution, utilization of material resources, and the energy crisis. v

From the program beginning, two gas turbine engines of greatly different
size were chosen for the application of ceramics. One is a small vehicular a
turbine of about 200 hp (contractor Ford) and the other is a large stationary e
turbine of about 30 MW (sub-contractor Westinghouse). One difference in 5
:, philosophy between the projects is worth noting. Because the ceramic materials, : -
g fabrication processes, and designs are not fully developed, the vehicular ! ;5
turbine engine was designed as an experimental unit and features ease of b
replacement of ceramic components. Iterative developments in a component's
ceramic material, process, or design can therefore be engine-evaluated fairly
rapidly. This work can then parallel and augment the time-consuming efforts
on material and component characterization, stress analysis, heat transfer
analysis, etc. Some risk of damage to other components is present when
following this approach, but this is considered out-weighed by the more rapid

o
-

acquisition of actual test information. On the other hand, the stationary 4
turbine engine is so large, so expensive to test, and contains such costiy and .
long lead-tim€ components which could be damaged or lost by premature failure, o
that very careful material and design work must be performed to minimize the ;;vf

possibility of expensive, time-consuming failures.

It should be noted that both the contractor and sub-contractor had in-
house research programs in this area prior to initiation of this program.




Silicon nitride and silicon carbide had been selected as the primary material
candidates. Preliminary design concepts were in existence and, in the case
of the vehicular engine, hardware had been built and testing had been initiated.

‘ At the out-set, the program was considered to be both highly innovative
and risky. However, it showed promise of large scale financial and technolo-
gical payoff as well as stimulation of the pertinent technical communities.
The program is now in its fourth year and major accomplishments have been
achieved.

This is the 7th semi-annual veport of progress. Prior reports have been
' broken down into three major elements:

.

b
w1
G

1

Vehicular Turbine Project
. Stationary Turbine Project
Materials Technology (applicable to both projects)

However, it is now apparent, that, at the current stage of the program,

materials technology is no longer ''general' but rather specifically related

to the objectives of each project. In addition, the widespread interest from
{ the turbine technology community centers on either the vehicular turbine project
E | or the stationary turbine project. For these reasons, this report and subsequent
1 reports on the program will be broken down into sections; each section will be
) complete in itself and will include its own introduction, again to be of more
help to the reader. The two sections will be titled:

! - Vehicular Turbine Project
4 | - Stationary Turbine Project



INTRODUCTION AND SUMMARY-VEHICULAR TURBINE PROJECT

The principal objective of the Vehicular Turbine Project is to develop
ceramic components and demonstrate them in a 200-HP size nigh temperature
vehicular gas turbine engine. The entire hot flow path will comprise uncooled
parts. The attainment of this objective will be demonstrated by 200 hours of
operation gver a representative duty cycle at turbine inlet temperatures of
up to 2500 F. Successful completion of this program objective demonstrates that
ceramics are viable structural engineering materials, but will also represent a
significant breakthrough by removing the temperature barrier which has for so
long held back more widespread use of the small gas turbine engine.

Development of the small vehicular regenerative gas turbine engine using
| superalloy materials has been motivated by its potentially superior character-

istics when compared with the piston engine. These include:

- Continuous combustion with inherently low exhaust emissions

- Multi-fuel capability

.‘_
A
-

- Simple machine - fewer moving parts

- Potentially very reliable and durable

- Low maintenance

| , - Smooth, vibration-free production of power
- - Low oil consumption

- Good cold starting capabilities

- Rapid warm-up time

8 With such impressive potential, the small gas turbine engine using
superalloys has been under investigation by every major on-highway and of f-highway
vehicle manufacturer in the world

In addition, the small gas turbine engine without exhaust heat recovery

: (i.e. non-regenerative) is an existing, proven type of power plant widely used

: for auxiliary power generation, emergency standby and continuous power for

i generator sets, pump and compressor drives, air supply units, industrial power

3 plants, aircraft turboprops, helicopter engines, aircraft jet engines, marine

; , engines, small portable power plants, total energy systems, and hydrofoil craft
engines. While this variety of applications of the small gas turbine using
superalloys is impressive, more widespread use of this type engine has been
hampered by two major barriers, efficiency and cost. This is particularly so
in the case of high volume automotive applications.

b Since the gas turbine is a heat engine, efficiency is directly related to

¢ cycle temperature. In current small gas turbines, maximum temperature is limited
not by combustion, which at stoichiometric fuel/air ratios could produce temperatures
well in excess of 3500°F, but by the capabilities of the hot component materials.




Today, nickel-chrome superalloys are used in small gas turbines where blade
cooling is imgractical, and this limits maximum turbine inlet gas temperature
to about 1800°F. At this temperature limit, and considering state-of-the-art
component efficiencies, the potential overall efficiency of the small regener-
ative gas turbine is not significantly better than that of the gasoline engine
and not as good as the Diesel. On the other hand a ceramic gas turbine engine
operating at 2500 F will have fuel economies superior to the Diesel at signifi-
cant weight savings.

The other major barrier is cost and this too is strongly related to the
hot component materials. Nickel-chrome superalloys, and more significantly cobalt
based superalloys which meet typical turbine engine specifications, contain
strategic materials not found in this country and cost well over $5/1b.; this is
excessively costly with respect to high volume applications such as trucks or
automobiles. High temperature ceramics such as silicon nitride or silicon carbide,
on the other hand, are made from readily available and vastly abundant raw materials
and show promise of significantly reduced cost compared to superalloys, probably
by at least an order of magnitude.

Thus, successful application of ceramics to the small gas turbine engine,
with an associated quantum jump to 2500°F would not only offer all of the |3
attributes listed earlier, but in addition offer superior fuel economy and less ~
weight at competitive cost with the piston engine.




2.1 VEHICULAR TURBINE PROJECT PLAN

The vehicular turbine project is organized to design and develop an entire
ceramic hot flow path for a high temperature, vehicular gas turbine engine.
Figure 2.1 shows a schematic of this regenerative engine. Air is induced through
an intake silencer and filter into a radial compressor, and then is compressed and
ducted through one side of each of two rotary regenerators. The hot compressed
air is then supplied to a combustion chamber where fuel is added and combustion
takes place.

combustor

First
Stage
Stator

Regeaerator

Radial
Compressor

Reduction

First Stoge  Rotor
Rator Shroud
second Stage
Stator

Sepcond Stago
Raotor Shroud
Regenerator

Figure 2.1 Schematic View of the Vehicular Gas Turbine Engine
Flowpath

The hot gas discharging from the combustor is then directed into the turbine
stages by a turbine inlet nose cone. The gas then passes through the turbine
stages which comprise two turbine stators, each having stationary airfoil blades
which direct the gas onto each corresponding turbine rotor. In passing through
the turbine, the gas expands and generates work to drive the compressor and
supply useful power. The expanded turbine exhaust gas is thea ducted through
the hot side of each of the two regenerators which, to conserve fuel, transfer
much of the exhaust heat back into the compressed air. The hot flow path components,
subject to peak cycle temperature and made out of superalloys in today's gas turbine,
are the combustor, the turbine inlet nose cone, the turbine stators, the turbine
tip shrouds, and the turbine rotors. These are areas where the use of ceramics
could result in the greatest benefits, therefore these components have been
selected for application in the vehicular turbine project.
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Successful development of the entire ceramic flow path, as demonstrated in

a high temperature vehicular gas turbine engine, will involve a complex iterative
development. Figure 2.2 shows a block diagram flow chart, including the feed-
back loops, of the major factors involved, and serves to illustrate the magnitude
of this complex and compr:hensive iteratjve development program. Of particular
importance is the inter-relationship of design, materials development, ceramic
processes, component rig testing, engine testing, non-destructive evaluation

and failure analysis. One cannot divorce the development of ceramic materials
from processes for making parts; no more so can one isolate the design of those
parts from how they are made or from what they are made. Likewise, the design

of mountings and attachments between metal and ceramic parts within the engine are
equally important. Innovation in the control of the environment of critical
engine components is another link in the chain. Each of these factors has a
relationship with the others, and to obtain success in any one may involve
compromises in the others. Testing plays an important role during the iterative
development since it provides a positive, objective way of evalunting the various
combinations of factors involved. If successful, the test forms the credibility
to move on to the next link in the development chain. If unsuccessful the test
flags a warning and prompts feedback to earlier developments to seek out and
solve the problem which has resulted in failure. Finally, all of the links in
the chain are evaluated by a complete engine test, by which means the ultimate
objective of the program will be demonstrated. It is important then to recognize
that this is a systems development program--no single area is independent, but
each one feeds into the total iterative system.
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2.2 PROGRESS AND STATUS SUMMARY - VEHICULAR TURBINE PROJECT

To meet the program objectives, the work has been divided into two
tasks:

1. Ceramic Component Development

2. Materials Technology

The progress and present status in each of these is summarized in Section 2.2.1
and 2.2.2.
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2.2.1 CERAMIC COMPONENT DEVELOPMENT

Two categories of ceramic components are under development: rotating
parts (i.e. ceramic rotors), and stationary parts (i.e. ceramic stators,
rotor shrouds, nose cones, and combustors). In this iterative development,
each component will pass through various phases comprising design and analysis,
materials and fabrication, and testing.

Ceramic Rotors

Development of the ceramic turbine rotor is by far the most difficult
task in the ARPA program. This is because of:

- The high centrifugal stresses associated with maximum rotor speeds
of 64,240 rpm.

- The high thermal stresses associated with thermal shock and the high
temperature gradients from the rotor rim to the rotor hub.

- The high temperatufe of the uncooledoblades associated with turbine
inlet gas temperatures of up to 2500°F.

- The very complex shape of the turbine rotor.

- The hostile environment associated with the products of combustion
from a turbine combustor.

Progress and Status

+Fully dense Siqu first and second stage integral rotors were designed and
analyzed (1,253,%),

A method of attaching rotors was conceived and designed (1,2),

«The following approaches for making integral rotors were investigated but
discontined:

- Direct hot pressing of an integral SizN, rotor (1),

- %ltras?nic machining of a rotor from a hot pressed SijN, billet
L55.255,001,

- %?tz ressing an assembly of individually hot pressed SigN, blades
> .

- ??egdgiisostatic hot pressing of an injection molded SigN, preform
3 ] . )

- Hot pressing using comformable tooling of preformed SisN, blades
and hub (2’ ,1}).

- ?ﬁbrigat%on of a dense SiC blade ring by chemical vapor deposition
»2,3,4)

- %%egtﬁ%c discharge machining of a roter from a hot pressed SiC billet
3 .

Note: Numbers in parentheses refer to references listed in Section 8.

8
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.A "duo-density" SisNy ceramic rotor was conceived and designed (3).
.Tooling to injection mold SisNy blade rings was designed and procured (3),

-Hundreds of blade rings were molded for bonding experiments, cold spin tests,
and developing blade ring quality.

.Over two hundred hot press bonding of duo-density rotors were carried out.

These have progressed from rotors with flat-sided hubs to current fully-contoured
hubs made simultaneously with the hot press bonding operation. Prior severe
blade ring distortion problems have been solved by using a blade fill to support
the blade ring during bonding. In addition, the diffusion bond has improvea

to its current excellent ruality as evidenced by microstructure examination.
However, remaining probiems are cracking of the blade ring during hot press
bonding and inconsistency from run to run particular with regard to the degree
and mode of rim cracking (¥,5,6,7).

- Cold spin testing resulted in blade failures over a range of speeds, all lower
than design speed. This emphasizes the need for three-dimensional blade stress
analysis as well as development of a higher strength, better quality blade
material. Cold spin testing of rotor hubs of hot pressed SigN, showed a

characteristic failure speed of 115,965 rpm with a Weibull slope of 17.66
(4,5,6,7),

. A three dimensional model of the rotor blade along with heat transfer .
coefficients has been generated for three dimensional thermal and stress
analysis (5,6},

. Development of better quality blade rings continues. X-ray radiography of
green parts has proved effective in detecting major flaws. Slip cast SigNy
test bars having a density of 2.7 gm/cm3 show four point MOR of 40,000 psi,
therefore processes to slip cast a rotor blade ring are under investigation

as are methods of achieving 2.7 gm/cm3 density with injection molded material
(6,7).

. Thermal shock testing simulating the engine light-off condition was conducted
on rotor blade rings for approximately 2,500 cycles without damage (5,6},

. A technique to evaluate probability of failure using Weibull's theories was
developed and applied to ceramic rotors (5)

A test rig was designed and built to simulate the engine for hot spin testing
of ceramic rotors. A set of low quality duo-density rotors was spin tested
to 20% speed and 1950°F for a short time before failure, believed due to an
axial Tub (3:%:5:7),

Cold spin testing was conducted on a number of blade rings and segment of
blade rings (%»5,6)




Ceramic Stators, Rotor Shrouds, Nose Cone, and Combustors

While development of the ceramic turbine rotor is the most diffcult task,
parallel development of the stationary ceramic flow path components is necessary
tu meet the ohjective of running an uncooled 2500°F vehicular turbine engine. In
addition, success in designing, making, and testing these ceramic components will
have an important impact on the many current applications of the small gas turbine
wiere stationary cermiics alome ¢#n be oxtrowely btémneficial. Tho prugress and
status of these developments is summarized below taking each component in turn.

Progress and Status

Ceramic Stators

-Early Design A first stage stators incorporating the turbine tip shrouds had
been designed, made by assembling individual injection molded SigN, vanes, and
tested, revealing short time thermal stress vane failures at the vane root (1.

*Investigations of a numb2r of modified designs led to Design B where the rotor
shroud was separated froa the stator. Short time thermal stress vane failures
at the vane root were eliminated (1),

*In the fabrication of stators, the starting silicon gowder, the molding mixture
and the nitriding cycle were optimized for 2.2 gm/cm3 density material (223

*Engine and thermal shock testing of first stage Design B stators revealed a

longer term vane cracking at the vane mid-span. This led to modification of
the vane cord, designated the Design C configuratiorn, which solved the vane

mid-span cracking problem (3,%).

*A remaining problem in first and second stage stators was cracking of outer
shrouds, believed due to notch effect between adjacent vanes. To so%ve this,
tooling for a one-piece first stage Design C stator was procured (%,5)

*The second stage stator could not be made in one piece due to vane overlap, so
an "inverted channel" design was investigated to eliminate notches at the stator
outside diameter. However, engine testing showed that axial cracking of the
outer shroud remains a problem (3,4,5,6),

*Completed 50 hour duty-cycle engine test of the hot flow path components to
1930°F. The assembled first stage Design C stator was in excellent condition;
some vanes in the second stage inverted channel stator had developed fine
cracks (6

*Completed 100 hour duty-cycle engine gest of the hot flow path components
without a second stage stator to 1930 F., The one piece first stage Design C
stator successfully survived this test (7).

Ceramic Rotor Shrouds

- Separate first and second stage ceramic rotor shrouds, which are essentially
split rings, evolved in the stator change from Design A to Design B (1)

+As a result of rig and engine testing, rotor shrouds made of cold pressed,

reaction sintered SigNy were modified to have flat rather than conical side
faces

10
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«Because of occasional cracking, cold pressing was replaced with slip casting for
making higher density rotor shrouds, resulting in 2-3 times increase in strength

2,

-Slip casting of rotor shrouds solved the cracking problem but revealed a
dimensional change problem as a function of operating time. This was solved

by incorporation of nitriding aids and heat treatment cycles in the fabrication
process which reduced instability to acceptable levels (%,5,6)

«Completed 50 hour duty cycle engine test of the hot flow path components to
1930°F, after which both first and second stage rotor shrouds were in excellent

condition

-Comp%eted 100 hour duty-cycle engine test of the hot flow path components to
1930 F, after which both first and second stage rotor shrouds were in excellent
condition (7)

ed them to remain crack

.Further such testing of rotor shrouds to 245 hours show
free and in rxcellent condition

Ceramic Nose Cones

+Early Design A nose cones had been designed, made from injection molded reaction
sintered SisNy, and tested (1)

«The nose cone was modified to Design B to accommodate Design B first stage stator.

Several Design B nose cones were made and tested in rigs and engines

«Voids in molding nose cones were minimized by preferentially heating tooling
during molding (3).

.Circumferential cracking and axial cracking problems led to preclotted, scalloped

nose cones designated Design C (3,4,5,6),

-Comp%eted 50 hour duty-cycle engine test of the hot flow path components to
1930°F, after which the Design C nose cone was in excellent condition (®).

-Comp%eted 100 hour duty-cycle engine test of the hot flow path components to
1930°F after which the Design C nose cone was in excellent condition (7).

.Further such testing of the nose cone to 221 hours showed it to remain crack

free and excellent condition (7).

Ceramic Combustor

*To facilitate materials development, a combustor design was completed comprising
a simple ceramic tube attached to a metal dome.

«Combustor tubes made of slip cast SigNy and various grades of recrystallized SiC
(Crystar) cracked during light off tests in the combustor test rig

“A combustor tube made of reaction sintered SiC (Refel) successfully survived
171 %ours of rig testing simulating the engine duty cycle with 20 hours at
2500 F combustor outlet temperature

11




2.2.2 MATERIALS TECHNOLOGY

Materials technology forms the basis for component development including
component design, component fabrication, material quality in the component
as-made, and evaluation by testing. There are three major categories under
materials technology---materials engineering data, materials science, and
non-destructive evaluation. Progress and present status in each of these
areas is summarized below:

Materials Engineering Data

«Techniques were developed and applied for correlating the strength of simple
ceramic disks with bend test specimens using Weibull pcobability theories

.Elastic property data as a function of temperature was determined for various
grades of silicon nitride and silicon carbide (2,3,4,5,6,7),

+The flexural stren%th vs temperature of several grades of SiC and SigN, was
determined (3,%,5,6),

.The compressive stren%th vs temperature of hot pressed SiC and hot pressed
SigN, was determined (%),

Creep in bending at several conditions of stress and temperature was determined
for various grades of reaction sintered silicon nitride (4,5,6),

*The specific heat vs temperature of 2.23 gn/cm3 reaction sintered SigN, was
measured, as were thermal conductivity and thermal diffusivity vs temperature
for both 2.23 gm/cm3 and 2.68 gm/cm3 reaction sintered SigNy

‘Stress-rupture data was obtained for reaction sintered silicon nitride under
several conditions of load and temperature (6).

Materials Science

‘A technique was developed and applied to perform quantitative x-ray diffraction
analyses of the phases in silicon nitride (2},

‘An etching technique was developed and used for the study of the microstructure
of several types of reaction sintered SigNy

*The relationship of some processing parameters upon the properties of reaction
sintered SigN, were evaluated (3,4,5,6

*The oxidation behavior of 2.2 gn/cm3 density SigNy was determined at several
different temperatures. The effect of oxidation was found to be reduced when

the density of reaction sintered SisNy increased (3,7),

*The relationship of impurities to strength and creep of reaction sintered
silicon nitride was studied, and material was developed having considerably

improved creep resistance (4,5,6),

Fractography an? slow crack growth studies were performed on reaction
sintered SiC (5} and hot pressed SisNy (6,7).

The development of sintered Sialon-type materials was initiated (7).

12




Non-Destructive Evaluation

“Ultrasonic C-scan techniques were developed and applied for the measurement
of internal flaws in turbine ceramics 1,2,3,

«Sonic velocity measurements were atilized as a means of quality determination
of hot pressed SigNy (2535

A computer-aided-ultrasonic system was used to enhance the sensitivity of
defect analysis in hot pressed SisNy (3,4,6)

«Acoustic emission was applied for the detection of crack pro%a%ation rate and
the onset of catastrophic failure in ceramic materials 1,2,5,8),

‘A method was developed and applied for the detection of small surface cracks
in hot pressed SisN, combining laser scanning with acoustic emission i,

*X-ray radiograghy was applied for the detection of internal defects in turbine
ceramics (2,3,%4,3),

Hidden flaws in as-molded stators and rotor blade rings were located by x-ray
radiography (5,6,7)

A state-of-the-art summary of NDE methods as applied to the ceramic turbine
programs was compiled (8.
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2.3 FUTURE PLANS

It is clear from progress to date that an enormous amount of ground has
been covered on all fronts with respect to identifying and solving the real
problems in applying ceramic materials to pas turbine engines. Nonetheless,
a large number of difficult problems remain before full success can be demonstrated
on stationary flow path components and, in particular, on ceramic turbine rotors.
To expedit. solution of the really Fundagertal problems in ceramic design, an
important .ecision with respect to future plans was recently made. This is
discussed under Component Development below and involves a simplification of the

hot flow path configuration.

: Component Development i

As summarized in paragraph 2.2.1, the latest first stage Design C stators
are made in one piece, and, as a result, are made more readily and have greatly
improved durability. However, cracking problems with the second stage stator
persist, since a way to design and fabricate this stator in one piece has not
been found. Therefore, it has been decided to modify the flow path configuration
to use a one piece first stage stator in both the first and second stage locations.

A S st s

Lo e M
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In addition, considerable development remains to successfully and consistently
fabricate duo-density rotors; minimizing the types ¢f parts would provide a more
intense effort on the real problems of producing good quality blade rings and
good quality hot press bonds between the blade ring and hub. Therefore, as part <
of the flow path modification it was decided to use one basic rotor configuration, -
for both first and second stage locations. The preferred aerodynamic match
selected was to use a second stage ceramic rotor machined to a smaller diameter 7
to fit the first stage location, and another second stage ceramic rotor machined
to fit the second stage location using the one piece stator. This will immediately
reduce the amount of tooling required in the ceramic rotor project, and will,
in addition, ease possible future tooling changes required to accommodate blade F
redesign based on three-dimensional stress analyses now underway. A further
benefit is the somewhat reduced rotor stresses because of the smaller rotor

diameters.
2

This revised flow path configuration has been designated Design D and
is compared schematically with Design C in Figure 2.3. Although there is no
appreciable change at part load, aerodynamic efficiency is lower at full power.
However, this change will significantly enhance fabrication and durability
development toward the 200 hour objective. Because of the compromise in
aerodynamic efficiency, future plans will include design studies of an updated
flow path configuration optimized for aerodynamic efficiency, ceramic manufac- d

turing and durability.

In addition to adopting the new Design D flowpath, future plans on component /
development will focus on material and process improvement, and continued rig ‘
and engine testing. Technology will be researched to fabricate molded and/or
slip cast higher density (2.7 gn/cm3) SisNy, components, in particular rotor
blade rings and one-piece stators. Also more emphasis will be placed on
producing parts in prototype quantities to facilitate assessing consistency
both of making the part and of the part quality.

With regard to testing, ceramic rotors of higher density SisNy will be cold
spin tested to evaluate part quality and material strength; this will lead to
subsequent testing in the high temperature turbine rotor test rig. Two major
test series are planned for the stationary ceramic components: the first is
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a 175 hour engine test over the ARPA duty cycle up to 1930°F (metal turbine rotors);
the second is a test of the components up to 2500°F in a specially designed
stationary flowpath test rig which does not incorporate rotating parts. Success

in each of these phases of testing will provide the basis for building and

testing engines with the entire ceramic flowpath including ceramic turbine rotors.
Continued development of this complete system will then lead to the final program
objective of completing a 200 hour engine durability test with ceramic temperatures

up to 2500°F.

Materia' Technology

Feedback from engine and rig testing of stationary components made from
reaction sintered SisN, indicates that improved durability could be expected if
improvements in strength and oxidation resistance could be obtained. Therefore,
major emphasis is being placed on the development of higher density injection
molded SisNy for rotor blade rings, nose cones, and stators. Such material would
be expected to have significantly improved strength and oxidation resistance; in
addition, other means of improving oxidation resistance are being studied.
Another area receiving major emphasis will be processing improvements in both
molded and slip cast reaction sintered SigNy. Integral with this effort will be
the application and continued development of nor~destructive evaluation techniques
to assist in the elimination of flaws-in particular, those flaws which are found
by testing to have a critical effect upon component life.

In the final stages of the program, increasing attention will be given to
material characterization, including the higher density reaction sintered
silicon nitride materials currently being developed. It is expected that materials
engineering data will be compiled and statistically analyzed for those materials
which are utilized for the 200 hour demonstration which constitutes the major

program objective.



3. PROGRESS ON CERAMIC COMPONENT DEVELOPMENT-VEHICULAR TURBINE PROJECT

3.1 CERAMIC ROTOR DEVELOPMENT
SUMMARY

Two outside computer codes are being evaluated for use in three-
dimensional analysis of turbine rotors, while modifications to in-house
computer programs for such analyses continue.

To provide a set of boundary conditions for 3D thermal and stress
calculations, heat transfer film coefficients were computed at 55 and
100 percent speed conditions for the first stage turbine rotor and 100%
speed for the second stage rotor at oné blade radius. Average values
of film coefficients were computed for the rotor inter-blade channel and

outer tip shroud.

Calculation of thermal stresses in the common profile disks has
progressed with generation of the thermal boundary conditions.

Tests were conducted to determine the effectiveness of the
installation tool used to preload the bolt assembly for the two turbine
stages. The purpose of the tool is to minimize torsional stress in the

' bolt during pre-loading. The tool provides a means for pre-loading the
bolt and transferring the load to the nut upon removal of the tool.
Efficiency of this transfer was measured and found to be eighty percent.

A method of filling the cavities of a blade ring with slip cast silicon
nitride material, prior to fabricating a duo-density wheel, was developed.
The blade fill is required to back-up the blade ring during the bonding
i process to avoid damage to the blades from the high pressure loads applied.

. Two methods of fabricating a duo-density turbine rotor have been under

‘ development. In one, a pre-hot pressed hub of silicon nitride is bonded to
a machined blade ring. Quality of the bond achieved has been inadequate with
incomplete bonding and distortion of the blade ring. The other method is

designed to correct these conditions, and combines hot pressing of the hub

; to shape from silicon nitride powder with simultaneous press bonding of the

hub to the blade ring. Excellent bonding, without blade ring distortion A
has been demonstrated with this second technique.

One method of wmaking rotor blade rings is by a shell mold slip casting
3 process under development at the Georgia Institute of Technology Experiment
1 Station. Shell molds have been made for casting a monolithic rotor or a blade
ring consisting of airfoil blades and supporting rim. Several slip castings
A have been made using materials with green densities sufficient to produce parts
: | with both 2.7 gm/cm3 and near-theoretical final density. However, removal of
the shell mold after nitriding has so far resulted in blade damage because 4

current molds have excessive strength.

The development of methods to use a high pressure nitrogen atmosphere to
facilitate nitridation of high green density silicon compacts has continued at
- Battelle Memorial Institute with several test runs at pressures from 10,000 to
3 20,000 psi and various time-temperature schedules. Test samples with various
green densities were prepared which simulated the turbine rotor cross section
E fo be nitrided. The first autoclave run at 20,000 psi nitrogen pressure
k produced specimens severely reacted and distorted because of exudation of
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molten silicon caused by an uncontrolled exothermic reaction. In an attempt "
to prevent the uncontrolled reaction the process was varied by pre-nitriding b
the specinens, modifying the nitriding cycle pressure, time, and temperature, '8
and changing the nitriding aids. However, successful nitriding of high green ' .
density silicon compacts has not been achieved to date, although the results s
Sbtaincd are eneotsaging enough to warrant contirmmtion of the program.

Seven hot pressed silicon nitride rotor hubs were spun to failure in the Iﬁ

cold spin pit for evaluation of strength and correlation with MOR bar test &
data. Burst speeds ranged from 102,000 to 120,000 rpm. The Weibull slope for Ifi
the hubs, based on burst speed, was 17.66, with a characteristic speed of I8

115,965 rpm.

In order to check out the turbine rotor test rig, two hot pressed Si gNy,
hubs (without blades) were run to 15% speed (10,125 rpm) and 1850°F. Following
this, a set of ceramic turbine rotors of recognized low quality were spun to
12,848 rpm and 1980°F for a short time before Failure, dué to an axial it

This test therefore revealed insufficient cold clearances. 4
g

An assessment of the current project status indicates that the primary g
approach for rotor development continues to be the duo-density SisNy concept. |3
Significant improvement in bond quality has been achieved by hot pressing the I
hub and press bonding to the blade ring in one operation. Spin testing confirmed 1

room temperature strengths of hot pressed rotlor habs; based on this, strength ,
at temperature should be adequate for the rotor requirements. Full confirmation, Lg
hiowever, uust come from actual operational testing in a reyresentative high ’
temperature environment.
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3. DESIGN AND ANALYSIS

1.1

Introduction

Development of in-house computer codes discussed in the last report (6)
for three dimensional analysis of temperature and stress is continuing. Two
additional finite element computer codes are discussed, along with associated
model modifications.

Heat transfer coefficients for the first stage rotor at various operating
conditions were calculated for typical blade sections. Convection coefficients
for the second stage rotor at full speed operation were determined for a typical

section.

Work was continued on the design of the common profile rotor disks,
including a method of evaluating heat transfer in the interstage hub cavity.

Three Dimensional Analysis of Ceramic Rotors

The previous report (6) discussed development of the Ford version of the
sAP (8) three dimensional stress analysis code. Further work is needed to
complete modifications to allow analysis of repetitive structures (?), and
apply this to the ceramic turbine rotor.

In the meantime, two alternate finite element computer codes are being
investigated for three dimensional rotor analysis. These alternate codes,
designated ANSYS (10) and NISA (11), are proprietary and are being made
available from their owners on a royalty basis.

Both NISA and ANSYS utilize the frontal technique for equation solution
whereas SAP makes use of the bandwidth technique. This basic difference
requires the model of the rotor to be constructed differently for SAP analysis
than for analysis by the alternate codes. ANSYS and NISA, however, have
virtually identical input requirements, although there are differences between
the two. The ANSYS code is limited to the eight noded brick for solid element
analysis; this element incorporates Wilson's (12) incompatible displacement
functions. NISA is available with 8, 20, and 32-noded solid elements, the
higher order elements being used for rotor analysis. In addition, ANSYS
has both steady state and transient heat transfer capability whereas NISA,
to date, has steady state capability only. Material properties may be input
as a function of temperature for both NISA and ANSYS stress analysis and for
ANSYS heat transfer analysis, while the NISA heat transfer analysis accepts
only constant material properties. Another major difference is that NISA
is mounted on an in-house computer whereas ANSYS must be conducted on an
outside computer.

As mentioned, both alternate codes are proprietary and can be used only
on an as-is basis; therefore, they do not meet some of the special requirements
of the total rotor analysis program. An example is their lack of output data
in a form suitable for input directly to the Weibull strength analysis computer
program. Therefore, work is continuing on the Ford version of the SAP code,
which can be modified to suit the overall needs of ceramic rotor analysis.

Work is also continuing on the Ford TAP three dimensional heat transfer
code to incorporate temperature-dependent material properties. A refinement
of the analytical design process, discussed in the previous report, (6) was to
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provide accurate three-dimensional analyses ‘of mechanical and thermal loadings
on ceramic structures. Utilizing the methods described in this approach, heat
transfer film coefficients were computed at 55 percent speed and 100 percent
speed conditions for the first stage rotor at three radii, representing

three separate airfoil cross-sections of the blade. Also, film coefficients
for the second stage rotor were computed at 100 percent speed at a given radius.

These data provide spatial variations of film coefficients from leading-
to-trailing cdge. Step-wise temporal variations are achieved at 55 percent
and 100 percent speed conditions. The transient conditions between these
steps are taken into account by using the 55 percent speed coefficients
from light-off (time = 0) to 55 percent speed conditions. Likewise, the
100 percent speed film coefficients are employed to account for transients
between 55 and 100 percent speed and for steady state conditions at 100
percent speed.

Average values of film coefficients for the rotor inter-blade channel
and outer tip shroud were computed by an empirical method give: by Zysina-
Molozhen and Uskov (13), These data, when combined with the airfoil film coeffi-
cients, may be mapped through interpolation and extrapolation to cover the
full hot flow path wetted-surface area. As such, they constitute a set of
boundary conditions for three dimensional as well as two dimensional rotor
thermal and stress calculations and provide spatial and step-wise temporal
variations which accurately simulate the critical engine running environment.

The method involves computation of initial flow angles, relative blade
inlet velocities, and other flow parameters for all turbine stages for various
radii throughout the flow path by use of a modified Ainley-Mathieson 14 computer
program. This established both the relative and the total inlet and exit flow
conditions for all radially distributed stream tubes for airfoils in both
turbine stages. These data were used as input to the TSONIC (15) computer program
which was utilized to determine the velocity distribution tangent to the airfoil
surface. The velocity distribution adjacent to the boundary layer as computed
by TSONIC and the accompanying total or free-stream conditions computed by
the Ainley-Mathieson program were directly input to BLAYER (16), the boundary
layer program. Output of BLAYER encompasses all principal boundary layer
information. Film coefficients were obtained directly from a modified
BLAYER which utilizes re  gas conductivity for air at the film temperatures
under consideration.

All vane airfoil boundary film coefficients were obtained directly
from BLAYER except the stagnation point (S/S = 0) which was computed
by a method of Cohen and Reshotko (17). ThiZ®&mpirical method, which is
applicable to stagnation point heating on the leading edge of cylinders,
was used as an approximation for leading edge heating on vanes. On page
58 of the last report (6), equations (1), (2), and (3), aused in this empirical
relationship, were inadvertently printed in error. These should be corrected
to read:

N
- kw ( "u ) \/’E‘ (1)
s V YW \/ Rew

h B
C = 2y, (1 - 0.416 M12 - 0.164 Ml“) (2)
r
0.8 -0.175
_ B \ t (3)
Nnuc - (0.032 + 0,014 —s )(NRec) (b)
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Figures 3.1 through 3.6 show film coefficient predictions on the
suction and pressure surfaces of the first stage rotor blades at radii of
1.7, 1.994 and 2.294 inches at 55% and 100% speed. These locations are
indicated on the profilte for the roror blade imset in Figure 3.1. All
suction surfaces of the first stage rotor exhibited both laminar and
turbulent flow with the transition regime approximated with the dotted
line. Transition between laminar and turbulent flow appeared to vary
between S/S of 0.3 to 0.55, depending on flow rate, radial stream tube
position and2focal surface angle.

All first stage rotor pressure surfaces exhibited both laminar and
turbulent flow except the 55 percent speed case for radii of 1.994 and
2.294 inches. These flow regimes had been predicted earlier to be laminar
only. Experimental data from work of Barnes and Edwards (18) appears to
corroborate the prediction of turbulent flow observed ,on the first stage
rotor pressure surfaces, since experimental values of turbulent flow were
evident on similar pressure surfaces examined in that study. Prediction
criteria for detecting turbulent flow transition is difficult, and there
is much disagreement among methods presently available. However, il appears
that the Schlichting-Ullrich-Granville (19,20,21) method built into BLAYER
does an adequate job of predicting turbulence on turbomachinery blades.

Figure 3.7 shows heat transfer coefficients for the second stage rotor
blade at a radius of 1.7 inches for 100 percent speed. This lccation is also
indicated on the blade profile. The suction surface, unlike that of the first
stage rotor, exhibited all laminar flow. The pressure surface exhibited both
laminar and turbulent flow but transition occurred very far downstream at

S/Smax = 0.9.

Figures 3.8 through 3.11 present adiabatic wall (or recovery) temperatures
computed by BLAYER for the hot flow path cross-sections examined for the rotors
in the course of this study. These temperatures are used with their corres-
ponding film coefficients as indicated in the previous report

Table 3.1 presents average film coefficients for first stage rotor
inter-blade channels (or grooves) and outer tip shrouds. These data were
computed by empir. :1 methods (6,13).

When this work on the TAP three dimensional heat transfer code is
completed, along with the SAP modifications for repetitive structures, these
two finite element codes - used in conjunction with the Weibull statistical
strength analysis code - will form a very useful package for the design of
brittle materials in general and ceramic turbine rotors in particular.
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TABLE 3.1
AVERAGE FILM COEFFICIENTS FOR
INTER-BLADE CHANNEL GROOVE AND SHROUDS

Average Convective Heat
Transfer Film Coefficient

Btu/ (Ft2-Hr-°R)

Inner Shroud

Quter Shroud or Channel

Speed
Stag 55% 100% 55% 100%
First Roter 182 395 197 449
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Thermal Stresses in Rotor Disks

Sy

The centrifugal stresses calculated for the common profile rotor disks
were tabulated in the previous report (6) . The calculation of thermal stresses
of the common profile disks is in progress, commencing with the generation of
the thermal boundary conditions. The finite element grids used for the
centrifugal stress analysis are also being used for the heat transfer analysis;

these grids were shown in the last report

In order to generate thermal boundary conditions for the common profile
rotors, it was necessary to calculate the temperatures of the curvic couplings
and the rotor attachment bolt using the thermal model of the assembly which
includes the rotors and shaft. This finite element thermal model was shown in
a previous report (3), and was modified to reflect the common profile rotor disks.

The gas flow in the common cavity between the first and second stage rotors
is considered to be fed by the first stage rotor discharge. The assumed
circulation is shown in Figure 3.12. Hot gas leaks into the cavity between the
first stage rotor and the second stage stator. Some flows down the center
of the cavity and up the faces of the disks, while the remainder crosses the
hottom of the second stage stator platform; both streams exit between the second
stage stator and rotor. Some of the gas is recirculated, but it is impossible to
predict the amount. The gas entering the cavity has a calculated static
temperature of 2150 F and a calculated static pressure of 34 psia at 100 percent
speed with a turbine inlet temperature of 2500°F. The cavity gas is assumed to
be circulating such that the heat transfer correlation for a free disk with
radially uniform heat flux applies. The heat transfer correlation (22) used is

h=0.25% (B_‘:’l_r_z_) 0.80 (g%__k) 0.60 (4)

Where

k = thermal conductivity

r = radius

p = density

w = angular velocity

u = dynamic viscosity

C_= specific heat

P
This is plotted in Figure 3.13 with the corresponding adiabatic wall
temperature. The adiabatic wall temperature is based on a static temperature
of 2150 F.

The heat transfer coefficients for the first and second stage rotor
blades were shown earlier in this section. The heat transfer coefficients
for the blade are not directly applicable to the two-dimensional finite element
program, but are used with the fin efficiency of the blade to calculate an
equivalent heat transfer coefficient that is utilized in two-dimensional
thermal stress axisymetric analyses. The formula for this calculation has
been given previously
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3.1.2 MATERIALS AND FABRICATION

Introduction

The primary in-house effort on fabrication of ceramic turbine rotors con- :
tinues to be expended on the silicon nitride duo-density rotor. Blade fill 3
reinforcement and restraint systems have been developed and simultaneous hot
pressing of contoured hubs and hub-to blade ring bonding has been accomplished. ' F

The development of slip casting of silicon nitride shapes by a modified E;
investment casting technique has been extended to complete rotor blade rings h
in an effort to obtain higher strength reaction sintered parts for improved ‘
hot-press bonding. Remaining problems are removal of the shell mold after
formirg and complete nitriding of the blade ring.

A process for nitriding silicon shapes which were slip cast to very high Fg
densities, such that the resulting material approaches theoretical density,
is under development.

Duo-Density Silicon Nitride Rotors

The duo-density concept is one of several techniques being investigated
for fabricating a ceramic turbine rotor. In this concept, the high strength i
of the hot-pressed SijN, is utilized in the hub region where stresses are highest §
but temperatures are moderate and, therefore, creep problems are minimized. 9
Reaction sintered SisN,, which can be readily formed into complex airfoil blade ]
shapes by injection-molding, is utilized for the blades. The blades are generally

exposed to the higher temperatures but lower stress levels than the turbine rotor . B
disk. :§
(%
Work on the duo-density approach during this reporting period was directed . £
toward further developing the graphite wedge hot pressing system (5,6) as the e
fabrication technique for bonding the reaction sintered SigN, blade ring and hot- -3

pressed hub together. The blade ring assembly was injection molded in one piece
from silicon metal powder and subsequently nitrided to form SisNy having a
density of 2.2 gn/cm3. Since the thin rim of the blade ring has insufficient
strength to support the applied pressure during hot press bonding, a '"double"
blade fill' technique was devised. This technique consists of first filling
the space or cavities between the blades with slip cast silicon and subsequently
nitriding to SisN,. The SigN, blade cavity inserts are independent of one another.
A second blade fill of slip-cast silicon is applied, entirely encasing both the
turbine blades and blade cavity inserts and is subsequently converted to SigNy.
Boron nitride is used to prevent the various blade fill materials from bonding

to each other and to the turbine blades. The theoretically dense SisNy contoured
hub region was fabricated by hot-pressing AME alpha SisN, powder with 2 to 5 w/o
Mg0 added. The Mg0 is a densification aid which enables the alpha Si3N, powder
to be hot-pressed to theoretical density. The bond surfaces of all component
parts were machined to remove any oxide or reaction surface layers just prior

to hot-press bonding.

Two press bonding fabrication techniques were the subject of develop-
ment work during this reporting period. One technique (5) consisted of first
hot-pressing a contoured Si3Ny hub followed by press bonding the SisNy hub
and blade ring together. The other technique, although similar, involves
both hot-pressing the contoured hub und hot-press bonding the hub to the blade
ring in one operation. Figure 3.14 illustrates the hot-press bonding rig used
for the first technique. The inside diameter of the blade ring and outside




k|

diameter of the densc SigNy hub are machined to within a 0.001 inch slip fit

and assembled in the hot-pressing rig. Graphite foil is used throughout to

minimize surface reactions and sticking. A compression rig (5) is used to

independently apply and control the pressure on both the outside graphite

wedge system and inside hub component. The graphite wedge system 1is used

to restrain and prevent deformation of the blade ring during hot-press bonding.
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The rotor assembly is hot-press bonded at 1750°C and 2500 psi for 2 hours.
In an effort to improve bonding, the magnesium o«ide additive in the hot
pressed hub was increased from 2 to 5 w/o. Preliminary microprobe analysis
indicated magnesium diffusion ucross the bond interface. Although not
verified as yet by vacuum spin testing, it is assumed that stronger and more
uniform bonds will result by increasing the Mg0 concentration in the SisNy
powder from 2 to 5 w/o. This should not affect the performance of the
SiN, turbine rotor as the projected temperatures in the hub region are below
the critical temperature at which creep becomes a significant problem. In
addition, the 5 w/o Mg0 concentration climinated the slight density variations
previously experienced in the Si3Ny contoured hubs and was needed to consistently
insure complete densification of the curvic region in the hub. IFigure 3.15
shows a typical bond interface which is at the turbine blade radial centerline
axis. Although excellent bonding was produced near the blade centerline
axis, bonding at the outer extremities of the rim was only fair to poor. This
is a result of insufficient pressure applied to the bond interface at these
extremities due to the shape of the contoured graphite piston in this region.
in addition, slight convex bowing of the blade rim was observed due to the
higher concentration of pressure in this area.

j*'......-..« -

Figure 3.15 Microstructure of Bond Interface Betwgen llot Pressed
Silicon Nitride Rotor Hub and Reaction Sintered Silicon
Nitride Blade Ring (500 X)

Small variations in the hot-press bonding rig design have eliminated many
of the previously experienced cracking problems. The excessive circumferential
cracking problem was essentially eliminated by using the same graphite contoured
pistons to hot-press the hub and hot-press bond the hub to the blade ring. This
eliminated slight dimensional variations between the hub and pistons that were
responsible for the circumferential cracking during bonding.
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To 1mprove the bonding over the entire interface, the hot-press
bonding rig was altered slightly to enable the simultaneous hot-pressing and
hot-press bonding of the Sij3Ny hub to the blade ring. The hot-press bonding
rig for this operation is shown in Figure 3.16. In the previously described
hot-press bonding technique, the Si3N, hub was hot- pressed to theoretical
density at 4000 to 5000 psi pressure prior to the bonding cycle. However,
the reaction sintered blade ring could not withstand this pressure. 1t was
found that complete densification at much lower pressures (2000 to 2500 psi)
could be achieved if magnesium nitrate rather than Mg0 was used as the
densification additive. The magnesium nitrate was dissolved in the alcohol
used to wet ball-mill the AME Si 3N, powder, thus producing a more uniform
distribution. The magnesium nitrate was added to produce a concentration
equivalent to 2 w/o Mg0.
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Figure 3.16 Hot Press Bonding Assembly for Simultaneous Forming

and Bonding a Silicon Nitride Rotor Hub to a Blade Ring
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As previously described, the blade ring assembly was prepared with the
blade fill material and machined. The encased blade ring was assembled in
the hot-press bonding rig as shown in Figure 3.16. The graphite wedges were
again used to restrain and hold the blade ring in place. A pre-determined amount
of processed AME Si3Ny, powder containing magnesium nitrate was loaded into the
cavity of the graphite restraining sleeve. A typical procedure involves hot-
pressing the Si3N, powder at 1750 °C and 2500 psi for 2 hours to theoretical
density and simultaneously bonding to the blade ring. Figures 3.17 and 3.18
show a sectioned Sij3N, turbine rotor and a typical bond interface, respectively,
for a rotor fabricated by this technique. Bonding is considered excelleht as
evidenced by the microstructure. Bonding over the entire length of the rim was
also achieved. 1In addition, the slight convex bowing of the blade rim previously
encountered has not been observed when vsing this fabrication technique.

The major problem encountered is the inconsistent fracture of the graphite
restraining sleeve. Fracture of this sleeve results in fracture of the turbine
rotor. Several die assembly designs are being evaluated to enable more
consistent press bonding without fracture.

Figure 3.17 Sectioned Silicon Nitride Duo-Density Turbine Rotor
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Figure 3.18 Microstructure of Bond Interface (250 X)

Monolithic Turbine Rotors

It has been previously reported (5,6) that a program had been initiated at
the Georgia Institute of Technology Experiment Station directed at the develop-
ment of investment casting techniques for forming precision cast ceramic shapes.
Single airfoil blades and rotor segments of three adjacent blades were success-
fully cast from silicon slip in experimental fused silica shell molds and the
shell mold subsequently removed after the shape had been nitrided to SijgNy.

The effort has been extended to complete rotor shapes in each of two
designs; 1) a second stage rotor complete with contoured hub plus additional
stock for the grinding of the curvic coupling and 2) a second stage rotor
blade ring having airfoil blades and supporting rim structure but containing
no central hub. Recent emphasis has been on the latter configuration, which
is intended for use in duo-density SisNy rotors having a hot-pressed SijsNy
contoured hub.

Figure 3.19 is a photograph of a wax turbine rotor blade ring pattern
(right) molded as one piece. On the left is a completed shell mold, made
from such a wax pattern, photographed after the wax pattern had been removed
and the silica mold air-fired to achieve strength adequate for casting and
handling and to remove any residual traces of wax. Figure 3.20 shows such
a mold after filling with silicon casting slip by a centrifugal casting method
whereby all blade cavities are forcibly filled and a common blade ring formed
in a shape suitable for the duo-density press bonding method. Such blade rings
have been formed using both a casting slip which may be conventionally nitrided
to 2.7 gm/cc density SisN, and a high density casting slip which when nitrided
would yield near theoretical density.
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Figure 3.19 Wax Pattern (Right) and Completed Shell Mold (Left)
for Slip Casting of Rotors
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Figure 3.20 Shell Mold as Filled with Slip
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Current silica shell molds have exhibited too high a fired strength for
complete removal of the mold after nitriding without some blade damage.
Experiments directed at weaker molds after nitriding are in progress.

High Pressure Nitriding of Reaction Sintered Silicon Nitride

Since near theoretical density is required to meet the high stress

conditions in the hub region of silicon nitride turbine rotors, work has

been directed toward the duo-density turbine rotor concept incorporating

a hot pressed hub bonded to a molded blade ring. However, if high density

reaction sintered SijsN, could be made with sufficient strength to satisfy
< all the stress conditions of the turbine rotor, the fabrication of monolithic
b | Si4N, turbine rotors would be simpler than a duo density rotor and the blades
would be stronger.

To increase the density of reaction-sintered SijzNy components, the
green density of the silicon compacts must correspondingly increase. Silicon
metal compacts have been slip-cast to a density of 1.91 gm/cm3, equivalent to
3.18 gm/cm density when fully converted to SiN,. Experience has shown that
| complete nitriding cannot be accomplished for a silicon compact having a green
: density greater than 1.6 gm/cm3 (equivalent to 2.7 gm/cm3 SisNy) under conventional
ambient pressure nitriding conditions.

Preliminary work has shown that high density slip-cast silicon test bars
nitrided under standard conditions at one atmosphere of nitrogen resulted in
a high density Si;N, surface layer app: -oximately 0.030 inches thick with little
nitriding at the interior. The surface layer of such a nitrided test bar is
E shown in Figure 3.21. It appeared that the high density SigNy surface layer
i sealed off the interior and thus prevented penetration of nitrogen gas
to the interior.
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Figure 3.21 Section of Silicon Nitride Test Sample Showing High
Density Surface Layer (100 X)

37

TRt § RNy ...':I Ve L j! i 2T at o 204 2 i ik 0 " - - 4wl - Ty
b SIE pB fa Lh i g ———— T8 e e




The gas permeability in porous structures is a function of pore size,
pore volume, and gas pressure gradient. The pore size and pore volume of
slip cast silicon compacts are governed by the starting material size distri-
bution and powder packing efficiency to obtain the desired final SigN, density
and thus are relatively fixed. A technique which would increase the access-
ability of the nitrogen gas to the inner structure in both the initial
and final sintering stages would provide a means of achieving a fully reacted,
high density material. Therefore, a program has been undertaken with Battelle
Memorial Institute to investigate the potential of using a high pressure
nitrogen atmosphere to enhance the nitriding of high density silicon compacts.

The high temperature, high pressure autoclave facility at Battelle has the
capability of exerting gas pressures up to 50,000 psi on specimens of various
shapes and sizes. The program plan was to determine the effect of nitrogen
pressures on the degree of nitriding and the resultant final density. Pressures
of 10,000 to 30,000 psi were to be utilized in conjunction with the current
Ford atmospheric reaction-sintering time-temperature cycleé This cyclg
consisted of 24 hours each at temperatures of 2000 F, 2300 F, and 2660 F.
Samples were prepared from silicon powder at various density levels from
74 to 82 percent of theoretical (74% dense silicon, if fully nitrided would
be converted to SigN, at 90% of theoretical, 82% dense silicon would be
equivalent to 100% dense SigN,). Several specimens contained CaF and Fe,04
as nitriding aids. The samples were nitrided in unsealed molybdenum
cans and the nitrogen gas was cleaned by passing through a ''getter' prior to
specimen contact to remove traces of oxygen.

The first autoclave cycle was run at 20,000 psi nitrogen pressure. The
specimens from the first run were severely reacted and distorted. Metallographic

examination of these specimens revealed incomplete nitriding with large amounts

of porosity apparently resulting from the exudation of molten silicon from

the structure. At sometime during the cycle, the exothermic reaction became
prematurely uncontrollable, causing temperatures to exceed the melting point of
the silicon metal before a supporting nitride structure had formed within the
specimen. At 20,000 psi nitrogen prgssure, ghe runaway exothermic reaction
appeared to have begun at about 1200 C (2192°F), which is a lower temperature than
normally observed during nitriding at atmospheric pressure.

Several of these specimens did retain their shape and did develop internal
patches of high density silicon nitride. However, the thermal runaway caused
acceleration of the reaction kinetics and loss of control of the reaction. If
high pressure nitriding is to be developed into a viable process, the optimum
time-temperature nitriding cycle at a selected pressure(s) must be determined.
The major consideration at any pressure will be to maximize reaction rate and
final density without initiating a thermal runaway due to the exothermic
nitriding reaction.

It is postulated that an entirely new set of kinetic relationships are
in effect under high-pressure nitriding conditions. To optimize the high-
pressure nitriding technique, it was concluded that increased pre-nitriding
at both lower temperatures and pressures may permit better control over the
exothermic reaction. In addition, by reducing the pressure to 10,000 psi,
considerable cost advantage would be realized both in terms of operating
costs and future capital equipment expenditures. Therefore, the program was
redirected toward increasing the degree of nitriding at both lower temperatures
and pressures.
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Slip cast silicon cylinders were prepared at density levels equivalent to
90, 95, and 100 percent SisNy. In addition, silicon samples were prepared containing
1 and 3 w/o iron oxide at ©3 and 98 percent equivalent Si3N, density levels, respec-
tively. The program plan was to eva%uate the degree ofonltrldlng under 10,000 psi
nitrogen pressure in the 900°C (1652°F) to 1350°C (24627F) temperature range for times
ranging from 5 to 15 hours. Figure 3.22 illustrates typical reaction curves
for 95% equivalent Si3N, density level silicon specimens for several autoclave
cycles. Complete nitriding corresponds to a 67 percent welght galn The results
showed less than 2% n1tr1d1ng at temperatures up to 1150°C (2102 F) Increasing
the temperature to 1175°C (2327 F), not illustrated in Figure 3.22, caused the
exothermic reaction to occur, resulting in exuded silicon metal. 1In an attempt
to increase the reaction temperature to 1200°C and avoid the exotherm, the heat-
ing rate was decreased by a factor of 3-1/2 (from 2 to 7 hours to temperature).
At 1200°C (2192°F), approximately 16% nitriding was obtalned in the pure silicon
metal specimen in 15 hours, while the iron oxide-containing specimens achieved
about 18% nitriding in the same period. Nitriding times in excess of 10 hours
did not produce significant improvements as indicated by the relatlvely level
reaction curves. Thus, nitriding temperatures in excess of 1200°C are required
to completely convert the silicon to Si3N, under 10,000 psi pressure; however,
as nitriding temperatures increase, it becomes more difficult to ccntrol the
exothermic reaction and exudation of silicon metal.

Several samples that were high pressure nitrided at 1200°C for 15 hours
to about 16- 18 peleent were rerun at 10,000 psi nitrogen pressure in the auto-
clave at 1350°C (2462 F) for 5 and 15 hours The results of these autoclave
cycles are summarized in Figure 3.22 and are indicated by the square data pnints.
Nitriding of approximately 40 percent was obtained for s;ilicon specimens con-
taining 3% iron oxide, which would be 95% dense if completely nitrided. The
higher nitriding temperature of 1350°C produced a significant increase in the
degree of nitriding, and iron oxide additions appear to be more effective at
higher temperatures. No exudatlon of silicon metal was observed This
nitriding temperature is 100 °C lower than the 1460°C (2660°F) nitriding temperature
used in the standard atmospheric nitriding cycle. Again, longer times at
temperature and pressure had littie, if any, effect on nitriding.

Although the results to date are incomplete, they are encouraging.
Further effort will be concentrated on evaluating the effect of nitriding
temperatures in excess of 1350°C. From the work to date several conclusjons
appear evident, which are:

1) High pressures do not lower the reaction temperature but appear
to increase the rcaction kinetics at a particular temperature.

2) Temperatures in excess of 13500C (24620F) are required to
completely nitride 95 percent equivalent dense SigNy silicon
compacts.

3) Temperatures of about 1200°C (21920F) will initiate an uncontrollable
exothermic reaction under 10,000 psi nitrogen pressure unless
significant nitridation (15-20 percent) is achieved beforehand.

4) Green density level does not excessively effect the nitriding
rate at high pressures, as there was little difference noted in
the 90, 95, and 100 percent equivalent SisNy density level silicon
specimens.

5) Iron oxide appears to increase the nitriding rate and the amount
of nitriding obtained, especially at the higher temperatures.
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3.1.3 TESTING

Spin testing of ceramic turbine rotor components has continued during

this reporting period. A test group of seven hot-pressed SijsN, rotor
hubs, made under the same conditions, were spun to failure for strength
evaluation. While analysis of the results is incomplete, relatively

low scatter is indicated.

Shakedown testing of the turbine rotor test rig was completed
using metal rotors. The initial testing of ceramic turbine rotors
ended in failure, believed caused by inadequate clearance between the

rotors and the stators.

Further testing of the rotor bolt attachment tool was conducted,
and design improvements are discussed.

Testing of Hot-Pressed SisNy Rotor Hubs

Ten hot-pressed SijsNy rotor hubs, similar to those used in fabricating
duo-density rotors, were processed for strength evaluation testing. A single
batch of 5% MgO - AME Si,N, powder mixture was used to hot press the hubs.
Care was taken to fabricate these parts under as nearly identical conditions

as possible.

Seven of the ten test hubs were selected for destructive spin pit
testing. Two others were set aside to be used as rotor spacers in the
turbine wheel test rig, and the third was sectioned for the determination of
modulus of rupture (MOR) data for statistical analysis. Correlation of the
MOR data and rotor hub burst data is currently in progress.

The seven rotor hubs for spin testing were radiographically and
dimensionally inspected prior to testing. No subsurface flaws were detected
by x-ray. Small dimensional variations were noted with typical hub contours
varying by 0.010 inches. A minimal amount of grinding was required prior to
testing. The platform width was ground to 0.700 inches and the curvic
coupling faces were ground to 1.230 inches. The center bore (0.50 inch) was
held to * 0.0005 inches. A diamond plated formed grinding tool was used to
round off each end of the center bore. All other surfaces were as pressed.
The resulting hub was similar to, although larger in diameter than those
used in press bonding in order to minimize finish machining.

The test procedures adapted for this test have been described in
detail (2). All hubs were tested to destruction, and photographs at burst

speed were obtained in most cases. A typical wub burst is shown in Figure 3.23.
A cross-section of one hub after burst is shown in Figure 3.24. Cracks radiate
from a central location near the center bore. This is typical of several of the
larger pieces recovered from the spin pit; it is impossible to tell from

the photographs at burst if the larger sections are associated with the

origination of the burst. A series of photomicrographs up to 1000X (Figure 3.25) ;l
did not reveal anything unusual in this region. Burst speeds ranged from L
102,880 to 120,710 rpm. The Weibull slope for hub burst speed was 17.66 with il
a characteristic speed of 115,965 rpm. Characteristic speed is the Weibull scale |
parameter of the distribution and is always equal to the speed at 63.2% failure

on the Weibull curve. This indicatcs a high degree of consistency in this

particular batch of rotor hubs. This Weibull modulus should not be confused

with the material strength modulus reported elsewhere.
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Figure 3.23 llot Pressed Silicon Nitride Rotor Hub at Burst
(102,800 rpm)

Figure 3.24 Large Section of Rotor Hub Recovered from Spin
Pit After Burst Test, Indicating Suspected Area
of Fracture Origin
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Figure 3.25 Suspected Area of Fracture Origin of Rotor
tHhub (1000 X)

A finite element stress analysis was performed for a typical hub at
burst speed. The resulting maximum principal tensile stress contours are
shown in Figure 3.26. Stress concentrations are seen at the center bore and
neck regions of the hub. The maximum tensile stress is indicated at the bore.
However, the relatively small volume of material under high stress may make
the center bore less critically stressed than the neck. Ccmpletion of the MOR
correlation study and the hub Weibull analysis should resolve this question.
These calculated strengths are comparable to previously reported average tensile
strengths, and are encouraging in excess of calculated bore stresses in the com-
plete duo density rotor (“).
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Figure 3.26 Maximum Principal Stress Contours (psi) of Rotor
Hub at Burst Speed of 116,000 rpm

Testing in the Turbine Rotor Test Rig

Shakedown of the turbine rotor test rig (TRTR), shown in Figure 3.27,
was completed with metal turbine rotors at a turbine inlet temperature of

1930°F, and a speed of 32,000 rpm or 50% of design speed.
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Figure 3.27 The Turbine Rotor Test Rig

Following this checkout, the rig was rebuilt with two hot pressed
SisN, rotor hubs without blades (spacers) utilizing the previously described (2)
folded bolt attachment hardware. This initial shakedown of the ceramic
attachment design performed flawlessly through three thirty minute cycles
from room temperature to 1850°F inlet temperature (0-15% design speed). Higher
temperatures were not possible in this configuration due to backflow of hot
exhaust gases through the compressor, as a result of running without turbine
blades. Post-testing examination of the test hardware indicated the curvic
coupling had allowed the required radial motions between metal and ceramic
components. The rotor bolt had not taken a permanent set indicating design
cooling air flows were adequate.

Prior to the next build, a set of ceramic turbine rotors were qualified
to 20,000 rpm in the vacuum spin pit. Radiographic and visual inspection
indicated this set of rotors were not of high quality and would therefore be
A . tested at low temperature and speed. Figure 3.28 shows the two ceramic rotors
k. mounted to the turbine shaft prior to buildup. The rig was rebuilt using the
qualified ceramic rotors, a set of metal stators, and all other test hardware
previously used in the initial ceramic shakedown test. Axial clearances
between stators and rotors were held to 0.015 inches to minimize hot gas

leakage between the two rotor stages.
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Figure 3.28 First Set of Ceramic Rotors Mounted on Power
Turbine Shaft

After startup, & speed of 12,848 rpm and a turbine inlet temperature
of 1950°F was reached and held for five minutes when failure occurred. The
ceramic rotors failed, with severe damage to other components of the rig.
This failure has been attributed to insufficient cold clearances between the
rotors and the stators, causing an axial rub after thermal equilibrium was
reached. This test was considered significant for the following reasons:

(1) The combustor light-off with a set of ceramic rotors was
accomplished without incident.

(2) The test objective, the attainment of 1950°F and 20% engine
speed, was accomplishea.

The TRTR is being rebuilt in preparation for testing higher strength
turbine rotors in 1975.
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Ceramic Rotor Attachment

Tests were condqéted to evaluate the effectiveness of the installation
tool used to preload the folded bolt during assembly of the turbine. The
tool is designed to stretch the bolt to the required preload while intro-
ducing essentially zero torsional stress, and utilizes a conventional
method for producing controlled clamping load in a bolt where torsional
stress of any magnitude would be undesirable. Operation of the tool was
described in a previous report (5)

The tool was initially designed using the principle t’at rotation
would only occur at the lubricated needle bearings and that relative motion
between the threaded puller and the tenzion member of the bolt would not
occur. Initial evaluation indicated that a lower than expected coefficient
of friction of the threaded end of the tension member did in fact permit
rotation to occur. The puller body was redesigned to include a retractable
spring-loaded pin lock engaging a slot across the end of the tension member.
Parts were modified and additional testing confirmed that this was a workable
solution which would permit evaluation of the tool at the design (3900 pound)
clamping load level.

Load was applied through the tool to produce the required preload in the
bolt, as indicated by a calibrated strain gaged load ring. Holding this
load, the engine nut on the tension member was tightened using the tool
until the load ring output indicated that the nut had accepted a small portion
of the load. At this point the tool was removed and the strain (and preload)
induccd in the folded bult was expected to remain. The efficiency of this load
transfer from fixture to rotor nut was checked by accurately measuring the
extension of the tension member caused by the induced load. Length measurements
taken wider conmtrolled conditions tefore ad after stretel indieste) that this
efficiency of transfer was approximately eighty percent but was repeatable.

Further testing is planned to determine whether this loss of load is due
to thread deformation when the full load is applied to the rotor nut or
whether radial looseness in the nut thread is a contributing factor. If
the exact cause cannot be determined, the load applied by the tool can be
artificially increased to produce the desired load in the bolt so long as the
efficiency of transfer remains repeatable.




3.2 CERAMIC STATORS, ROTOR SHROUDS, NOSE CONES, AND COMBUSTORS

SUMMARY

Work continued on the three-dimensional heat transfer and thermal
stress analyses of first and second stage stators. ideat transfer film
. coefficients were computed for second stage stators at 55% and 100% speed
conditions. Additional heat transfer film coefficients were determined
for the first stage stator at the 100% speed condition.

e Bt £

First stage stators of higher density (2.55 gm/cm3) silicon nitride were
injection molded with outer shrouds free of detectable defects, using changes
in gating configurations to improve quality. Several stators were transfer
molded from silicon carbide using the one-piece first stage stator tooling.
Fabrication of slip cast SisN, rotor shrouds continued with no additional develop-
ment work. Thermal shock rig testing of low density (2.2 gm/cm3) one-piece first
stage stator vanes resulted in failures in 800 to 1000 cycles at a maximum cycle
temperature of 2300 F. Higher density (2.55 gm/cm3) vanes were crack free after
3000 cycles at the same peak temperature.

A ceramic combustor made from '"Refel" reaction sintered silicon carbide
: was tested for 171 hours over a cyclic test sequence. This combustor survived
A the test, which included 20 hours at a combustor outlet temperature of 2500°F.

Successful completion of the 100 hour engine durability test for hot
flow path ceramic components was accomplished during this reporting period.
The ceramic components consisted of a nose cone, a one piece first stage
stator, first and second stage turbine rotor shrouds, and a spacer to replace
the second stage stator. The test consisted of 17 cold starts, 14 hot starts,
and 100 one-hour cycles during which the speed was automatically varied to
- follow the test cycle with a flat steady-state temperature schedule of 1930°F.
A1l components survived 100 hours without structural failure. The ncse
cone and both shrouds remained crack free after over 200 such hours of cyclic
| durability. The first stage stator had no vane cracks, although two outer
shroud cracks occurred at 103 hours.

As an overall assessment, the development of ceramic stators, rotor
shrouds and nose cones has achieved a major milestone - one hundred hours
of demonstrated engine durability. Cracking of the first stage stator outer
shroud beyond 100 hours occurred at locations containing known defects;
processing and material improvements should increase the life of this component.
In addition, the nose cone and rotor shrouds of present configuration have
achieved 200 hours durability at 1930°F. To enhance future fabrication and
durability development, at some expense to aerodynamic efficiency, a Design D
flow path configuration will be adopted, comprising common stators and common
3 rotors in both first and second stage locations. In addition, study of an
b | updated flow path configuration, optimized for aerodynamic efficiency, ceramic
manufacturing, and durability, will be carried out, culminating in a design
layout.
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3.2.1

DESIGN AND ANALYSIS

Introduction

In generating input for three dimensional stress and heat transfer
analyses of stators, convective heat transfer coefficients for both
first and second stage stator vanes were determined along with the
adiabatic wall temperatures for the respective vane sections. The
coefficients are given for various airfoil sections at 55 and 100 percent
speeds and temperatures.

Stator Stress and Heat Transfer Analysis

The methodology for three-dimensional heat transfer and thermal stress
analysis was elucidated in the last report (6) and was discussed briefly in
Section 3.1.1 of this report.

Stator analytical progress to date includes a complete set of heat
transfer film coefficients computed by programs TSONIC and BLAYER. These
data include convective film coefficient distributions on airfoil cross-
sections at radii of 1.7, 1.95, and 2.2 inches for the first stage stator and
at radii of 1.7, 2.05 and 2.4 inches for the second stage stator. These
locations are indicated on vane profiles inset into Figures 3.29 and 3.35
respectively. Coefficients for both stators were computed at 55 percent and
100 percent speeds in order to cover the range of engine running conditions.
Estimates of convective film coefficients on the inner and outer shrouds
between blades were also computed. By cross-plots or extrapolation of these
combined data, the full threc dimensional wetted-surface can be mapped to
simulate all the critical engine running environments. These coefficients
are used in a manner similar to that used for rotors, as discussed in Section
3.1.1 of this report.

Figures 3.29 through 3.34 present film coefficients as a function of
dimensionless surface distance S/S at speeds of 55 and 100 percent for both
suction and pressure surfaces of tHé first stage stator vane. Pressure surfaces
exhibited entirely laminar flow during these conditions. From the stagnation
point (S/S = 0) to the dotted curve, the suction surface also exhibited laminar
flow. TrahnéTtion from laminar to turbulent flow is shown by the dotted curve.
From the end of the transition regime to S___, turbulent flow was predicted
on the suction surface boundary layer. max

Figures 3.35 through 3.40 show heat transfer film coefficients computed
on the pressure and suction surfaces of the second stage stator vanes for 55
percent and 100 percent speed conditions. Suction and pressure surfaces, in
all cases, exhibited both laminar and turbulent flow regimes. Transition
(indicated by the broken curves) on suction and pressure surfaces generally
occurred between an S/S of 0.25 to 0.50. Physical phenomenon and transition
criteria are discussed M3Xgection 3.1.1 of this report and in the last report

Figures 3.41 through 3.46 show the adiabatic wall temperatures computed
by BLAYER for first and second stage stator vane surfaces. These data are
used per the recommendations of Section 3.1.1 of this report and the last

report

Table 3.2 presents average film coefficients for first and second stage
stator inner and outer shrouds. These data were also computed by empirical
methods discussed in the last report (6) and are used according to recommen-

dations presented therein.
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TABLE 3.2

LM COEFFICIENTS FOR
NEL GROOVE AND SHROUDS

Average Convcctive Heat

Transfer Film Cogfficient
Btu/ (Ft2- hr- R)

Inner Shroud

or Channel

Outer Shroud
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Stage

First Stator
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5112992 MATERIALS AND FABRICATION

Introduction

Work during this reporting period was directed toward fabricating flaw-
free one-piece first stage stators using a silicon metal powder injection
molding composition yielding reaction sintered SisNy of 2.55 gm/cm3 density.
Stators previously fabricated and discussed in the last report 6) were of 2.2
gm/cm?® density. In addition, some work was done on transfer molding a reaction
sintered SiC material, developed by Ford Motor Company on another program. The
transfer molding process was used because this composition utilizes thermoset
polymers which cannot be handled on available injection molding equipmenrt.

Silicon Nitride Stator Fabrication

During this reporting period, development of a higher density one-piece
first stage stator was continued. Higher density parts (2.55 gm/cm3) have been
molded which have no identifiable cracks or voids when inspected by x-ray
radiography and a low power microscope. Absence of internal voids in the

ater shroud represents a marked improvement over previous injection nolded
one-piece stators. These earlier one-piece stators which were engine tested
(refer to Section 3.2.3 of this report) were noted to have failed through the
outer shroud in a region con'aining cold shut (knit) lines. The cold shut lines
were caused by material cooling at a surface as it advanced through the die
cavity. When two cooled surfaces contact as the part fills out, they fail to
knit, leaving a crack-like defect.

In an effort to eliminate cold shut and internal voids, new gating
configurations were evaluated. Gating the material into the tool using a sprue
bushing with 25 gates yielded 25 well defined knit lines. Changing to a 5
runner gate reduce the well defined knit lines to 5 and diminished the other 20
knit lines to a level barely visible. A single runner gate with a reduced area
at the cavity entrance yielded a component having no knit lines. The mechanism
which controlled knit line formation seemed to relate to the shear put into the
material during injection. Greater shear forces yielded a more homogeneous part
and produced a flaw free component, although mold release was a problem due
to increased surface abrasion during injection of the entire shot through
one vane cavity. Other gating systems and new mold releases are being evaluated

to eliminate part release problems.

Silicon Carbide Stator Fabrication

The first stage one-piece stator tooling was adapted for transfer molding
a special reaction bonded silicon carbide, developed under a separate in-house
program. Components were molded of several compcsitions incorporating slight
variations. Some of the components molded had completely filled the die cavity
and appeared visually perfect. These components are presently being processed
end results of their testing will be reported at a later date. In addition
several individual SiC stator segments were processed for thermal shock testing,
as reported in Section 3.2.3 of this report.
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8 eliminate with tooling changes, make molding of silicon
and difficult.

Rotor Shroud Fabrication Development

A heat-treat process for producing slip cast Sij3Ny

\ discussed in the previous report (6). This process was
produce rotor shrouds having gap and diameter stability
1 engine operating stresses and temperatures. No further
was carried out on rotor shroud fabrication during this

in Section 3.2.3 of this report.

Two major problems became evident during silicon carbide moldings: (1)
tooling wear, and (2) excessive flash. Both problems, although possible to

carbide stators slow

rotor shrouds was
successfully used to
after exposure to
development work
reporting period.

Engine testing results of rotur shrouds produced by this process are given
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32,5 TESTING

Introduction

The stationary hot flow path components include the combustor, turbine
inlet nose cone, first and second stage stators, and first and second stage
rotor shrouds. In order to evaluate these components, three different types
of test rigs were used. The Combustor Test Rig was used for combustor
evaluation, the Thermal Shock Test Rig was used for initial testing of stator
vane designs and materials, and Engine Test Rigs were used to evaluate and
demonstrate the durability of the nose cone, stators, and shrouds over the
prescribed duty cycle.

Thermal Shock Rig Testing

During this reporting period, testing was performed on 2.55 gm/cm3 silicon
nitride one-piece first stage stator vanes. Preliminary results showed that
the higher density material was superior to the 2.2 gm/cm3 silicon nitride
at 2300°F. The operation of the thermal shock test rig has been discussed in
previous reports 3,4,5,6)

Simultaneous thermal shock testing of one-piece first stage stator vanes
made of both density materials resulted in the low density vanes failing at
800 to 100" cycles at 2300°F and no failures of the high density vanes. During
this testing, a visual difference in heating rate was observed between the high
density and low density vanes. Starting at room temperature, the low density
vane heated more rapidly than the high density vane. Temperature measurements
with an infrared pyrometer verified that a temperature digference of 200 F existed
at steady state. The low density vane stabilized at 2300 F and the high
density vane at 2100°F. This temperature difference was compensated during
additional testing of high density material. Heat input was increased and
quench air increased to yield a 2300°F part temperature and a 600°F/sec down-
shock. Subsequent testing of high density stator vanes subjected eight test
samples to 2300°F part temperatures and 600°F/sec downshock with no failures in

3000 cycles.

Transfer molded reaction sintered silicon carbide stator segments were also
tested in thermal shock. The fabrication of these stators was discussed in
Section 3.2.2 of this report. In all, eight three-vane segments from one-piece
first stage stators were evaluated. This included testing of segments of two
types of Ford silicon carbide for 1000 cycles at 2300°F. All samples survived
without failure, although a fine crack approximately 1/8 inches long developed
at the leading edge of one vane.

Ceramic Combustor Testing

Evaluation of ceramic combustors has been conducted by subjecting
prototype components to a series of tests simulating engine conditions. The
results of these tests were reported previously (4,6) | and showed that dense,
high strength, reaction bonded silicon carbide was the best candidate. During
the previous reporting period (6), a combustor made of '"Refel' SiC was successfully
evaluated for 50 hours over a cyclic durability test representative of the
prescribed engine duty cycle. During this reporting period the cyclic
d ability testing of the same '"Refel' combustor continued toward the
200 hour milestone.
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The "Refel" SiC combustor was tested in the Combustor Test Rig shown

in Figure 3.47. This rig provides a simulation of the operating conditions
that a combustor will expericnce in an engine, and its features were described
in some detail in the last report

Figure 3.47 Combustor Test Rig

The "Refel™ silicon carbide combustor used for the testing reported

previously (6) was used again for continuation of the durability testing. The

total time accumulated on this combustor and the operating temperatures are
listed in Table 3.5. Since the Combustor Test Rig is not cquipped with an
automatic control system, the length of cach cycle through the simulated
engine speed conditions was extended to 10 hours as a matter ot expediency.
The normal duty cycle would be completed in one hour.

This combustor was also subjected to 16 additional cold lights, making
a total of 56 cold lights sincc testing was started. A photograph of the
“Refel' combustor, taken after completion of 56 cold lights and 171 hours of
testing, is shown in Figure 3.48. Visual inspection and a check using
fluorescent dve penctrant confirmed that there was no cracking. The com-
hustor showed no sign of any visual change as comparcd to its appearance
before testing.
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: TABLE 3.3
1
% ACCUMULATED TEST r'IME
5 ON "REFEL' SiC COMBUSTOR
;
Speed Time

55 85 hours

59 40 hours, 15 minutes
: 69 10 hours, 55 minutes
E 77.5 8 hours, 45 minutes
: 86.5 8 hours, 5 minutes
i 100 20 hours
4 TOTAL 171 hour
i
i
E

Figure 3.48
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"Refel' Silicon Carbide Combustor After Completion

of 171 Hours of Testing
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Because of the success of this test, the "Refel" type of silicon carbide
continues to be considered as the leading candidate material for use in ceramic
combustors. The test will be continued, using the same combustor, until 200
hours of cyclic durability have been completed. Additional testing on more
combustors will be performed in order to ascertain the reliability of the material
in this design.

Hot Static and Dynamic Testing of Stators, Shrouds, and Nose Cones

The evaluation of the turbine inlet nose cone, first and second stage
stators, and first and second stage rotor tip shrouds continues in Engine
Test Rigs. These components are evaluated over a cycle known as the ARPA
duty cycle that was presented in detail ' n the previous report (6) but will
be partially reviewed again.

Initially, each component is qualified by subjecting it to 10 cold lights
followed by immediate engine shutdown. This is done with the rotors removed
from the rig to minimize the risk of damage to other components. This is
referred to as qualification testing. Following this, the components are
subjected to engine durability testing. This testing is done with rotors
installed in the engine. The durability cycle using metal rotors is such
that, every hour, engine speed is varied automatically in steps from 55% to
87% while turbine inlet temperature is maintained at 1930°F. The evaluation
is conducted in 15 hour segments and, during each segment, the components are
subjected to 2 hot shutdowns followed by 2 hot lights.

Table 3.4 shows the results of engine testing on ceramic stationary
components performed to date. The top line indicates the target values
established for each component. The balance of the table summarizes test
data for all ceramic components which have both passed the qualification
test and been subjected to engine durability testing over the ARPA duty
cycle.

In reviewing the data, two significant events should be noted. The first
event, described in the last report, was a 50 hour durability run, in which
all of the components were in excellent condition after the test, except for
the second stage stator which did exhibit some fine trailing edge vane cracks.

The second event was a 100 hour component durability test to meet a major
milestone of the program. The objective was to complete a minimum of 100 hours
of duty cycle testing on each component. The components used in this test were
as follows: a turbine inlet nose cone of injection molded silicon nitride of
2.2 gn/cm3 density, a first stage stator of the new one-piece design made from
injection molded SigN, at 2.55 gm/cm3 density, and first and second stage rotor
tip shrouds of slip cast SigN, of 2.7 gm/cm3 density. A 2.7 gm/cm3 slip cast silicon
nitride spacer was used in lieu of a second stage stator because persistent cracking
problems had previously occurred on both second stage stators and early first
stage stators, made by assembling and bonding individual vanes. A way had been
found to make the first stage stator in one piece, and one of them was scheduled
for the 100 hour evaluation test. However, a way to make seccond stage stators
in one piece had not been found because of the desired blade overlap for
aerodynamic reasons. Therefore, so as not to jeopardize the 100 hour test,
it was decided to run the durability test without a second stage stator. More
importantly, success in testing a one-piece first stage stator would give
emphasis to the development of a suitable one-piece second stage stator.
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TABLE 3.4
SUMMARY OF COMPONENT TESTS OVER THE ARPA CYCLE

QUALIFICATION TESTING

COMPONENT
STATUS*
ENGINE STATIC CYCLIC TESTINSG
Component and Lights Shutdowns Lights Shut.downs
Serial Number Cold Cold Hot Hours |Cold Hot Cold Hot Hours
Target 10 9 1 -2 14 26 - 40 200 S
Nose Cone
102 10 9 1 2 44 36 21 59 221.5 S
103 19 17 2 .4 1 2 0 3 50.5 F,0
130 - - - - 5 3 2 6 24.5 F,H
First Stator
372 10 9 1 2 1 2 0 3 50.5 S,C
428 - - - 5 17 14 6 25 103 F,C
430 10 9 1 12 14 13 6 21 61.5 F,C
Second Stator
5 10 9 1 .2 1 2 0 3 50.5 F,V
First Shroud
24 19 17 2 4 1 2 0 3 50.5 S
111 13 12 1 2 61 41 34 68 245 S
Second Shroud
38 19 17 2 4 1 2 0 3 50.5 S
106 10 9 1 2 61 41 34 68 245 S
& S-Serviceable
F-Failed

0-Failure occurred in testing other than the ARPA duty cycle
H-Part failed during handling

D-Cracked Shroud

V-Vanes (s) failure

At the completion of the 100 hours of duty cycle testing, the turbine
inlet nose cone, shown in Figure 3.49, was in good shape and was crack free.
In fact, this nose cone has achieved a total cyclic test time of 221.5 hours.

The first stage one-piece stator completed the 100 hour component durability
objective. A complete inspection after 94 hours showed this component to be
crack free, both in the 25 vanes and the outer shroud. Rig performance data taken
at 95, 98 and 101 hours showed no change in the test data, and the test was
terminated at the end of the work shift, at which point the stator had accumulated
103 hours. Subsequent inspection revealed two axial outer shroud cracks, as
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shown in Figure 3.50, but no cracks in the 25 stator vanes. The axial outer
shroud cracks are similar to a crack which occurred at 61.5 hours in a similar
cyclic test of another Si N, monolithic stator (No. 430).

Figure 3.49 Molded Silicon Nitride Nose Cone After Completion
of 100 Hour Cyclic Durability Test

Figure 3.50 Molded Silicon Nitride First Stage Stator After
Completion of 100 Hour Cyclic Durability Test
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Roth the first and second stage rotor tip shrouds, Figure 3.51, success-
fully completed the 100 hour durability objective and are crack free and in very
good condition. In fact, both shrouds have each achieved a total duty cycle

test time of 245 hours.

The stators tested during this period had been evaluated for defects by
X-ray radiograghy in the as-molded condition, using procedures described in the
last report (6) Figure 3.52 is the as-molded radiograph of stator No. 430, which

Figure 3.51 Slip Cast Silicon Nitride Rotor Shrouds After
Completion of 100 Hour Cyclic Durability Test

w

Figure 3.52 X-Ray Radiograph of Stator No. 430 Indicating
Defect Which Initiated Failure
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developed one crack in the outer shroud after 61.5 hours of cyclic testing.
The arrow in the radiograph indicates the defect - in this case an axial

knit line of low density - which apparently caused this crack. Likewise,
Figure 3.53 is the as-molded radiograph of stator No. 428, which exhibited
two outer shroud cracks after 103 hours of cyclic testing. Arrows indicate
the defects which were located at the failure points. This information is
very informative, and has been used as the basis for deciding that future
one-piece stators of 2.55 gn/cm? density should contain no detectable defects
in the outer shroud in order to be acceptable for rig and engine use.

28

N\

N\

\'%mm@ L

Figure 3.53 X-Ray Radiograph of Stator No. 428 Indicating
Defects Which Initiated Failure

The results of this duty cycle testing of stators, nose cones and rotor
shrouds are very encouraging. While further improvements in the stator are
needed, it is clear that fabrication in one piece has resulted in an important
step forward. This illustrates once again the iterative nature of the ceramic
turbine development program; since the second stage stators as originally designed
could not be made to survive reliably, a change to the one-piece design is
indicated. For this reason, as well as the desire to concentrate resources on
ceramic rotor development, a major decision has been made with respect to the
remainder of the program. This decision is to utilize a first stage stator
in both the first and second stage locations. At the same time, the second
stage rotor, with different machined dimensions, will-be used for both the first
and second stage rotor locations. This flow path configuration has been designated
Design D. Changing to this configuration will greatly enhance fabrication and
durability development, although a loss in turbine efficiency will be realized
at full speed. In order not to lose sight of high efficiency, a separate study
will culminate in a design layout of Design E flow path configuration by the end
of the ARPA program. 1In this configuration, the first stage stator, first stage
rotor, second stage stator, and second stage rotor will all be different and
optimized for aerodynamic efficiency, ceramic manufacturing, and durability.
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3.3 GAS BEARINGS

SUMMARY

A 3-leaf compliant foil gas bearing system has been tested in a
dynamic simulator test rig. A s~”vere resonance problem was encountered
around the second critical speed (45,000 rpm) of the system. Insufficient
damping is suspected as the cause. Immediate plans call for modification
of system components, including bearings, to alleviate the resonance problem
and for a detailed mapping of system dynamic responses near the resonant
conditions.

A bearing test aparatus, designated for testing and development of

individual bearings and high temperature bearing coatings, has been
designed and is ready for procurement.
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5,05, 1 GAS BEARING DESIGN AND DEVELOPMENT

Introduc=ion

Testing of the first generation single leaf HYDRESIL (23) foi1 bearing 1
system in a dynamic simulator test rig has been previously reported (6). Because 5
of assembly and fabrication problems, a second generation, three leaf HYDRESIL :
foil bearing was designed and is being tested. Tests to date indicate that the
three leaf bearing has less damping capacity than the single leaf bearing,
therefore, a compromise system must be designed which can be easily assembled
and fabricated and which has adequate damping capacity to avoid resonance problems.

Testing

The three leaf second generation HYDRESIL foil bearings (®) have been tested
in the dynamic simulator test rig. Bearing temperatures were monitored. Bearing
deflections and rotor shaft excursions were also monitored at various axial
stations by a capacitance displacement instrumentation system. The capacitance
probes provide both a vertical and a horizontal signal at each station. The
signals are combined and displayed on oscilloscopes as Lissajous diagrams of
shaft whirling motion. A high speed Visicorder is being installed to provide
permanent records of test runs and to aid in the diagnosis of failures.

Testing of both generation bearings has established that the rotor bearing
system has regions of resonance occurring at 21,000 rpm and at 45,000 rpm. The
rotor bearing system with single leaf foil bearings was able to pass successfully
through these two resonance regions. The rotor bearing system having three
leaf foil bearings passes through the first resonance region but will not pass
through the second resonance region. The system is stable up to 42,500 rpm, but
upon increasing speed to 45,000 rpm, whirling of the journal goes out of bounds
(0.004 inches in diameter) as indicated in Figure 3.54. This condition has been

repeated in a number of tests and is believed to be caused by insufficient damping.
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Figure 3.54 Oscilloscope Traces of High Speed Shaft Excursions




In spite of excessive whirling, the compliant foil bearings have only
incurred slight damage. Some of the corrugations are flattened Jdue to the
induced loading which occurs during excessive whirling. The foil blanket also
shows a slight scuffing over the corrugatiovns due to intermittent loss of minimum

air film.

Compliant Foil Journal Bearing Test Rig

A compliant foil journal bearing test rig has been designed and is shown
schematically in Figure 3.55. The rig will be used to evaluate candidate
foil bearing materials and surface treatments and to investigate journal-bearing
sliding compatibility and high temperature corrosion resistance.

COMPLIANT FOIL
TEST BEARING

HIGH SPEED ANGULAR SUPPORT SLEEVE

| I

SRS = T | - -|__|_|= )
‘ TORQUE ARM

STATIC LOADING
ARM

Figure 3.55 Compliant Foil Journal Bearing Test Rig

The rig consists of a single shaft mounted on two high speed preloaded
angular contact ball bearings and driven by an air turbine capable of 70,000 rpm.
The test bearing is overhung on the other end of the support shaft and is pressed
into a support sleeve that is free to rotate as the bearing rides on the shaft
journal. A thin cantilevered beam is strain gaged and attached to the support
sleeve for measurement of torque between the test bearing and journal. Static
weights are attached to the bearing sleeve to simulate bearing loading conditions.
The components of this rig have been detailed and are ready for procurement.

In the development and application of non-destructive evaluation techniques
to materials and components, the room temperature ultrasonic velocity of silicon
nitride was found to vary linearly with density over the range of 2.3 - 3.18
gm/cm3. A linear relationship also exists between acoustic impedance and modulus
of elasticity in silicon nitride. X-ray radiography of as-molded second stage
stator vanes played a major role in refining molding materials and molding
parameters. A marked increase in the yield of flaw free molded parts resulted
when these parameters were applied to the fabrication of engine components.
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4. PROGRESS ON MATERTALS TECHNOLOGY - VEHICULAR TURBINE PROJECT

SUMMARY

Materials technology is a very important portion of the systems approach
employed in this project for the development of high temperature gas turbine
engines. The generation of ceramic material property data, in progress since
the beginning of the project, has been instrumental in component design
modifications and failure analysis. As testing and fabrication experience
was gained, improvements ‘n materials have also been made. The properties of
these improved materials are determined and fed back into design modifications
and failure analysis, thus closing the loop. The work on determining material
properties and material improvements for the vehicular ceramic turbine project,
is reported in this section.

Reaction sintered SisN, components, made by the injection molding process,
are inlet nose cones, stators, and rotor blade rings for use in the duo-density
process. While testing has shown that nose cones molded from 2.2 gm/cm3
density material have been generally satisfactory, improved materials are
needed for stators and rotor blade rings. Development work has resulted in molded
SigNy of 2.55 gm/cm3 density, which was followed by the attainment of 2.7 gm/cm3
density. While further work is needed to finalize the 2.7 gm/cm3 density material
and to obtain property data, this material should be far superior to the earlier
2.2 gm/cm3 density molded SisNy.

Work reported previously (3) indicated that porous reaction sintered 5ijNy
oxidized more rapilly at temperatures around 1900 °F then at aigher temperatures,
primarily because the self-protecting oxide film is not sufticiently formed
at 1900°F. Data shows that 2.2 gm/cm3 density SigNy is seriously oxidized after
200 hours av 1900°F, exhibiting a loss in strength from 17,000 psi before
oxidation to 10,000 psi after oxidation. An increase in thermal expansion
rate was also found after this exposure. While work continues to quantify
and solve this problem, encouraging preliminary test results on 2.7 gm/cm3
density SisN, indicate that successful development of this material will
substantially diminish the oxidation problem as well as provide stronger
material.

Fracture mechanics technology, as applied to ceramic materials for
gas turbine engines, is being utilized in order to develop a broad under-
standing of the behavior cf these materials. Work presented in this section
describes the mechanism of slow crack growth in materials also exhibiting
some high temperature plast city, usinyg hot pressed silicon nitride as the
model system,

A relatively new class of oxygen-nitrogen ceramics named Sialon have been
proposed as candidate materials for high tempcrature ceramic turbine engines.
The results of a preliminary investigation of ;ressureless sintered Sialon
materials is included in this section. This work was concerned with composition
studies and phase analysis of Sialon matewials, with the objective of attaining
high strengths. To date, only modest strer.gths (MOR of 35,000 psi) have been

achieved using a composition of 60% SisNy and 40% Al,03.
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4.1 DEVELOPMENT OF IMPROVED MOLDED SILICON NITRIDE

Introduction

The development of injection molded Sij3N, before the start of this
contract resulted in a material with a density of 2.2 - 2.3 gn/cm? and a
4 point bend strength of 17,000 psi. Testing of prototype turbin engine
components made from this material has shown marginal results, so efforts

to improve the quality of this type of SisNy have been in progress. Develop-
ments in nitriding techniques (5§ have indicated that the strength can be
increased to 26,000 psi without increasing density; however, theze techniques
were not readily applied to engine components. Oxidation experiments were
carried out on this improved material at 1900°F for 120 hours, with weight
gains of approximately 8.7%, which is similar to the weight gain of standard
material of the same density. Refer to Section 4.2 of this report for

a further discussion of oxidation of SiaNy.

Further improvements in properties could be achieved by increasing the
density of the injection molded material. Slip cast SigNy with a density of
2.6 - 2.7 gn/cm3 has a strength of 40,000 psi, improved creep resistance and
higher thermal conductivity than the 2.3 gm/cm3 density injection molded SigNy.
The higher density Si3Ny should also yield improvements in oxidation resistance.
By developing an injection molded SijNy with a density of 2.5 to 2.7 gm/cc
a material will be available that should have similar properties to the slip
cast SisNy along with the fabrication advantages of injection molding.

High Density Mclded Silicon Nitride

ion molded SizNy can be obtained by increasing

metal powder relative to the organic binder system.
Figure 4.1 shows the volume percentage of filler (silicon + 3% Fe,03)

necessary to obtain the final nitrided SisNy density. The use of 3% Fe,03 as

a nitriding aid was discussed previously ?5). It is possible to obtain this
relation knowing the specific gravity of the starting materials and the 1.61
conversion factor normally experienced for weight gain upon nitriding. Since
there is no volume change on either binder removal or nitriding this relationship

is valid.

Higher density inject
the amount of the silicon

The viscosity of a filled organic system change rapidly when solids
are added above the 50 volume percent level, as shown in Figure 4.2. However,
this viscosity relationship can be drastically altered by blending two or more
di fferent particle size distributions of the solid filler material as shown
in Figure 4.3. At low filler concentrations, the viscosity is independent
of particle size. However, at the 60 volume percent concentration, the
viscosity can be reduced by almost two orders of magnitude by the use of the
proper blend of particle size distributions. This curve also shows that
for a bimodal blend of powders between 70 and 75% loading, the minimum viscosity
can be obtained using 65% coarse powder and 35% fine powder. Figure 4.4 also
shows the effect of the particle cize on viscosity. This figure shows that for
2 blend of two distributions, (25% fine/75% coarse) the mean particle size ratio
(R12) is critical for obtaining minimum viscosities. The choice of an optimum
particle distribution of silicon powder is the basis for the development work

undertaken to achieve the high density injection molded Si3Ny.
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The particular particle size distributions used in this work are shown
in Figure 4.5. The D, P% and P materials were obtained by dry ball milling
silicon powder feed stock for various periods of time. Material P required
142 hours of ball milling. The A material was obtained by air classification
of the silicon feed stock, with an upper cut point of 40 um.

The powders were mixed into the injection molding batches listed in
Table 4.1. The 74 series yields SisN, of 2.55 gm/cm3 density, while the 75 series
results in material of 2.7 gm/cm3 density. Moldability tests were then
conducted for each material This test consisted of injecting thf materials
under controlled temperatures and pressures into the second stage stator
vane die. The moldability was qualitatively determined to be either poow,
fair or good. The blades were then subjected to x-ray radiography tc
determine the presence of internal molding flaws. Refer to Section 5.2
of this report for radiography results. The yield of good parts was determined
by the number of flaw free parts divided by the total number of paris. These
parameters, along with pertinent comments, are also shown in Table 4.1.
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Figure 4.5 Various Particle Size Distribution Curves of Silicon
Metal Powders




TABLE 4.1

MOLDABILITY AS A FUNCTION OF PARTICLE DISTRIBUTIONS FOR TWO LEVELS OF LOADING

Particle Yield of

Mat'l  Volume % Loading Distribution R12(65C/35F) Moldability Good Parts Comments

74A 69 1/2 A 0.175 Poor 21% Thixotropic

74D 69 1/2 D 0.15 Fair/Good 20-50% Reproducible from batch
to batch

74F 69 1/2 F 0.112 Good 70% Currently in use for all
molded components, reproducible
from batch to batch

75A 73 1/2 A 0.175 Would not mold - Very thixotropic-organic
would separate

75D 73 1/2 D 0.15 Poor - Thixotropic

75F 73 1/2 F 0.112 Fair/Good 24% -

75p 73 1/2 P 0.13 Good 75% Will use for molding trials

of 2.7 gm/cm? density monolithic
stators

The most meaningful result shown in Table 4.1 is the fact that the yield of
good parts increases as the starting particle size distribution becomes finer
and broader. This is the result to be expected based upon the predictions
of Farris (2%). As previously shown in Figure 4.4, the viscosity decreases as
the size ratio between blends (R12) decreases. If the distributions shown
in Figure 4.5 are divided into coarse and fine fractions, size ratios can
be obtained for each distribution in Table 4.1. As shown, the size ratios
generally decrease as the distribution become broader, consequently yielding
more fluid molding compositions and higher quality components. The exception
is the P distribution which is generally finer than the F distribution over
most of the particle size range, but has fewer particles below 1 micron in
diameter.

Material 74F has been used for molding of nose cones and one piece stators
during this reporting period. The results of rig testing of some of these
stators was discussed in Section 3.2.3 of this report. Since improved properties
could be expected at the 2.7 gm/cm? density level, the 75 P material will be used
for molding trials of one-piece stators in the near future.

Nitriding Parameters and Physical Properties

The most promising nitriding cycle for the higher density injection
molded material discussed in Section 4.1 is based upon a cycle developed
by Messier and Wong atomc. This cycle consists of stepwise increases in
temperature up to 2550 F and ig based on nitridins kinetics. Specifigall)
the cycle is: 20 hours at 1300 F, 3 hours at 2282°F, 20 hours at 2415°F, |
7 hours 2510°F and 20 hours 2552°F. Other cycles were tried but this ‘
cycle consistently gave the best weight gains and the highest strength
figures. The weight gains observed for the 74 series material (2.55 gm/cc
density) were 60 to 61% while the 75 series (2.7 gm/cc density) were 59
to 60%. Neither structure shows an abnormal amount of free silicon as
exhibited in Figure 4.6. Also shown in Figure 4.6 are the changes in
microstructure as the density is increased from 2.3 gm/cm3 to 2.7 gm/cm3.

77




Figure 4.6 Optical Micrographs (500 X) of Molded Silicon Nitride
at (a) Density of 2.25 gm/cm3 (Type B) (b) Density of
2.55 gm/cm3 (74D) and (c) 2.7 gm/cm3 (75F)

An anomaly was noted in the strength results presented in Table 4.2.
The MOR results for the 74A averaged on the high end of the predicted band.
The 74D results were on the low end of the band, while the average results
for the 74F were significantly below the predicted range. It seems that as
the starting particle size of the silicon is made finer and the distributions
broadened, the strength decreases. This is opposed to current thinking, which
is that the finer the particle size of silicon the smaller the inherent flaws
in the Si3N, and the higher the strength. Experiments are currently in progress
to investigate this phenomenon and determine the cause for these low strength
values.

TABLE 4.2

PHYSICAL PROPERTIES OF INJECTION MOLDED SisNy

Measured Anticipated MOR From
Mat'l density Ave MOR* Slip Cast Data
74A 2.552712..58 38 ksi 32-40 ksi
74D 2.52/2.58 33 ksi 32-40 ksi
74F 2.52/2.58 27 ksi 32-40 ksi
75F 2.68/2.72 35 ksi 40-48 ksi

*  MOR values are based on the following conditions:

1/8 x 1/4 x 1 1/3" samples, as nitrided surfaces
3/8 x 1 1/8'" test fixture, 4 point loading
0.02 in/min loading rate
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Preliminary bend creep results were obtained on the 74A injcction
molded SisNy. The data presented in Table 4.3 shows that the creep resistance
of this class of materials is as good as the slip cast material ot similar
. composition. Mnre testing will be performed to obtain the creep and stress
rupture parameters for the 74 series and 75 series materials.

TABLE 4.3
C FLEXURAL CREEP PROPERTIES OF HIGH DENSITY
4 (2.55 gm/cm® INJECTION MOLDED SigN,
‘; Mat'1l Temp ATM Stress Test Duration ¢ in/in/hr
N —_— R
| 74A 2300°F  Air 10 ksi 117 hours 1.6 x 1076
| 2300°F Air 20 ksi 90 hours 1.6 x 1076
- . 2300°F Air 25 ksi 35 hours 1.7 x 1076

Failed when loaded to 35 ksi
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4.2 OXIDATION RESISTANCE OF REACTION SINTERED SILICON NITRIDE

Introduction

Earlier studies of the oxidation characteristics of reaction sintered
SiiN, at several temperatures indicated that oxidation rate varied
inversely with temperature. This effect is illustrated in Figure 4.7, which
is reproduced from the third report {3), showing a relatively high weight gain
at 1890°F. Samples tested at this temperature did not exhibit any visible
protective coating, leading to the conclusion that internal oxidation was
proceeding at a more rapid rate than was the case when a glassy coating was
initially formed by oxidation at higher temperatures. Since almost all of
the engine and rig testing of silicon nitride turbine components is taking
place at temperatures around 19000F, pending che development of ceramic turbine
rotogs, a more detailed investigation of the oxidation of silicon nitride at
1900 F was started. While most of this work was done using injection molded reaction
sintered SisN, of 2.2 - 2.3 gm/cm? density, some testing was performed using
the higher density materials discussed in Section 4.1 of this report.
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Figure 4.7 Weight Gain vs Time for 2.3 gm/cm3 Density Reaction
Sintered Silicon Nitride at Several Temperatures
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Evaluation of Oxidation of Reaction Sintered Silicon Nitride

From thermodynamic data (25), the tendency of silicon nitride to oxidize
to beta cristobalite (Si0,) at the test conditions is readily apparent from
the following reaction at 1900 F:

SigNy + 30, > 3€i0, (B Cris.) +2 Ny.

The free energy is - 411,275 K__./mole. This is a very large driving force
favoring the oxidation of s11i&81 nitride, i.e., intrinsically, silicon

nitride is prone to oxidation. The fact that silicon nitride has very good
oxidation resistance in practice is due to the same mechanism operative in
stainless steel and aluminum, i.e., the oxidation product protects the material
from continued rapid oxidation.

Similar calculations for other reaction products of silicon nitride and
oxygen indicated that the above is the most likely reaction to take place, barring
kinetics problems, since the free energies of the other reactions are either
positive or smaller negative numbers. In addition, similar calculations at
other temperatures showed that the tendency for the above reaction decreases
with temperature. However, the kinetics are generally more favorable at the
higher temperatures.

The oxidation of silicon nitride into beta cristobalite produces a
78% increase in volume and 29% increase in weight. Experimentally, a low
density material of 2.2 gm/cc density, when subjected to 200 hours at 1900°F
in air, loses 25% silicon nitride and picks up 14.7 weight percent oxygen.
This is equivalent to 27 weight % or 35 volume % of silica (which is mostly
B cristobalite at 1900 F but inverts to = cristobalite when cooled to room

temperature) for an overall weight gain of 6.5%.

The rate of weight gain is shown in Figure 4.8 for small test bars
(1/8 inch by 1/4 inch by 1-1/4 inches long) of injection molded reaction sintered

2.2 gm/cm? density Si-Ny over a 200 hour test in still air at 1900°F. These bars
were made from lov calcium silicon metal of less than 40u particle size with 1%
Fe,05 added as a sintering aid and were sintered in nitrogen with 1% added hydrogen.
Other samples of this same material were heated in both argon and nitrogen for 200
hours at 1900 F with no change in weight, indicating that the weight gain in air

is indeed due to oxidation.

Strength measurements at room temperature, taken on these bars before
oxidation, resulted in an average four point modulus of rupture of 17,000 psi.
After oxidation for 200 hours at 19000F, this strength decreased to 10,000 psi,
indicating a serious degradation in strength had occurred. Figure 4.9 illustrates
a positive change in thermal expansion which resulted from the oxidation treatment,
further evidence of changes in material properties.

Analytical investigations on both oxidized and unoxidized samples revealed
a large increase in silica content, primarily « cristobalite, as identified
by x-ray diffraction. Very little silicon oxynitride was iound in either
samples, nor was there any significant change in alpha/beta ratio.

Another experiment was performed, using the same injection molded material,
to determine the relative rate of oxidation between the surface and the center
of the test bars. As shown in Figure 4.10, the surface oxidized at a higher
rate initially, and still contained more oxygen than the interior after 200
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:é| hours at 1900°F. However, the extrapolation indicated in Figure 4.10 shows
- that the oxygen content would equalize in about 300 hours. |
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E Samples of higher density injection molded Si3Ny, dgscribed'in Section 4.1
1 of this report, were also oxidized for 200 hours at 1900 F. The results of the

weight gain after 250 hours are plotted comparatively in Figure 4.11, and show
i an encouraging decrease in weight gain as density increases. Also encouraging
is the finding that the 2.7 gn/cm3 density material suffered no loss in strength
after this treatment.
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‘ Further work to define and solve the oxidation problem of porous reaction
e sintered SisN, is in progress, and consists of a more detailed study of the

‘ high density material plus evaluating the effects of preoxidation at higher
temperatures, as suggested by work discussed earlier (3), and development and
testing of various coatings to limit the transport of oxygen into the interior
of the material.
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4.3 HIGH TEMPERATURE FRACTURE BEHAVIOR OF SILICON NITRIDE

Introduction

The technique of studying the fracture behavior of turbine ceramics
using purposely introduced flaws of controlled size and geometry continues
to be applied as described previously (6)., wWork on hot pressed SisNy has been
extended to include fractographic observations of time dependent fracture
behavior. Those results include a schematic description of the response
to applied load of a precracked brittle material in a regime where time dependent
physical processes influence the ultimate load bearing ability of the material.

Time-Temperature Dependent Fracture Behavior

The influence of flaw size on fracture strength is schematically illustrated
.in Figure 4.12. The encircled letters refer to three different flaw sizes - B and
C emplaced in a fracture specimen in a controlled manner, and A serving to
indicate the smaller, naturally occurring flaws of uncontrolled morphology. The
temperature dependence of fracture strength for these three flaw sizes in hot
pressed silicon nitride (Norton HS-130) appears in Figure 4.12. The overall
shape of this dependence and the mechanisms involved have been described
earlier (6). The difference in shape of curve (A) compared to (B) and (C)
indicates a profound influence on the fracture process of the high stress
supported by the small natural flaws. Smaller cracks support a higher stress
and consequently lead to onset of viscosity (diffusion) controlled fracture
processes at a lower temperature. The tempervature dependent fracture behavior
of specimens carrying the intermediate size fracture initiating flaw is a
consistent illustration of this fact. At crack size (B) the fracture strength
lies higher than for (C), the onset of diffusive processes influencing fracture
occurs at a lower temperature, and the relative stress advantage (peak height) is
smaller.

SILICON NITRIDE

(NORTON HS-130) 2

PRECRACKED, 1000 gm load

4

STRESS, ksi

PRECRACKEO, 4000 gm load

! |
500 1000
TEMPERATURE, °C

Figure 4.12 Temperature Dependence of Fracture Stress 25 Influenced
by Fracture Initiating Flaw Size, Showing (inset) a
Schematic of the Griffith Relationship of Fracture
Stress, Ogs to Crack Size, d.
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It is well established (26-29)that viscosity (diffusion, plasticity)
influenced fracture processes are a dominant feature of the mecharical
behavior of hot pressed silicon nitride and numerous other brittle materidls
which are candidates for structural appli.ation. Such materials are strain
rate sensitive. This effect typically appears as creep deformation and
commonly adopts the mechanistic process of subcritical crack growth.

In the case of an emplaced semicircular crack perpendicular to the
maximum tensile stress in the surface of a flexure test bar (6), the stress
state at any point along the crack rim will be a function of position crack
velocity and a nonlinear function of displacement (d) as the crack enlarges
at a temperature in the viscosity controlled fracture regime. The response
to two imposed strain rates is shown schematically in Figure 4.13a. The
ability of the material to respond to the imposed strain by viscous accommo-
dation is established by the relevant diffusivity, plotted at two temperatures
in Figure 4.13b. In the case of hot pressed silicon nitride (Norton HS-130)
the viscosity (diffusivity) of the glassy grain boundary film is the strength
controlling factor.

Superposition of the diffusivity at two temperatures upon two enforced
strain rates (Figures 4.13a and b) results in the plot in Figure 4.13c. Using
this representation, the crack size corresponding to the limit of siow crack
growth (and the onset of catastrophic or fast fracture) is found at the inter-
section of the imposed crack velocity with the upper limit of the ability of
the material to accommodate (through thermally activated means) the mechanical
processes at the crack tip. Thus a crack of original size d may grow to size
dy or d, (Figure 4.13d), depending upon the combination of i%posed strain rate
and temperature of the test.

These considerations contribute to an understanding of the fracture
mechanisms which lead to the temperature dependence of fracture strength shown
in Figure 4.13e, representing the behavior of hot pressed silicon nitride, or
Figure 4.13f, typical of the behavior of many other brittle ceramic materials.
At low temperatures, the ability of the material to accommodate deformation
at the crack tip by thermally activated molecular motion (diffusional
processes) usually does not match the relatively higher rate of imposed
strain. In that regime, the fracture behavior (strength and mechanism) is
taken as essentially loading-rate independent over a wide range because the
diffusion aided processes are essentially frozen. At relatively high temp-
erntures, thermally activated processes are competitive over a significant
range of crack tip velocities (Figure 4.13c) at the imposed strain rate.
in this regime, cracks enlarge '"slowly'" until the rate of enlargement exceeds
the rate of accommodation by the operative thermally activated mechanism. At
this critical crack size, the general Griffith criteria for onset of catastrophic
failure (fast fracture) is fulfilled for a specific combination of strain rate
and temperature. Under given conditions of strain<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>